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Carbon-carbon bond forming reactions are fundamental transformations for 
constructing structurally complex organic building blocks, especially in the realm of 
natural products synthesis. Classical protocols for forming a C-C bond typically require 
the use of stoichiometrically preformed organometallic reagents, constituting a major 
drawback for organic synthesis on process scale. Since the emergence of transition metal 
catalysis in hydrogenation and hydrogenative C-C coupling reactions, atom and step 
economy have become important considerations in the development of sustainable 
methods. 
In the Krische laboratory, our goal is to utilize abundant, renewable feedstocks, so 
that the reactions can proceed in an efficient and atom-economical manner. Our research 
focuses on developing new C-C bond forming protocols that transcend the use of 
stoichiometric, preformed organometallic reagents, in which π -unsaturates can be 
employed as surrogates to discrete premetallated reagents. Under transition metal 
 vii 
catalyzed transfer hydrogenation conditions, alcohols can engage in C-C coupling, 
avoiding unnecessary redox manipulations prior to carbonyl addition. Stereoselective 
variants of these reactions are also under extensive investigation to effect stereo-
induction by way of chiral motifs found in ligands and counterions.  
The research presented in this dissertation represents the development of a new 
class of C-C bond forming transformations useful for constructing synthetic challenging 
molecules. Development of transfer hydrogenative C-C bond forming reactions in the 
form of carbonyl additions such as carbonyl allylation, carbonyl propargylation, carbonyl 
vinylation etc. are discussed in detail. Additionally, these methods avoid the use of 
stoichiometric chiral allenylmetal, propargylmetal or vinylmetal reagents, respectively, 
accessing diastereo- and enantioenriched products of carbonyl additions in the absence of 
stoichiometric organometallic byproducts. By exploiting the atom-economical transfer 
hydrogenative carbonyl addition protocols using ruthenium and iridium, preparations of 
important structural motifs that are abundant in natural products, such as allylic alcohols, 
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Chapter 1: Catalytic Carbonyl Prenylation, Reverse Prenylation and 
Geranylation Reactions  
1.1 Introduction and Scope 
Terpenoids, also known as terpenes, represent the largest group of naturally 
occurring organic compounds. Many terpenes display biological activities and therapeutic 
properties. In 2002, global sales of terpene-based pharmaceuticals reached approximately 
US $12 billion.1 Two of the most well-known terpene-based drugs are Taxol® and 
Artimesinin, which exhibit anticancer and antimalarial therapeutic properties, respect-
ively. Hence, natural products continue to be important sources for the pharmaceutical 
industry due to their biological activities for medical applications. One unique structural 
motif that constitutes the building blocks of natural terpenoids is the isoprene unit; this 
C5-isoprenoid group is also referred as “prenyl” group.   
The prenyl group is an important moiety in chemistry and biology. Prenylation, or 
substitution with a prenyl group, often improves affinity to biological membranes and 
protein-protein binding interactions as a result of an increase in lipophilicity of the mole-
cule.2a Hence, the prenyl group plays a potentially crucial role in modulating biological 
activities.2 Additionally, apart from the potent biological activities and remarkable 
medicinal properties that prenylated natural products may offer, the prenyl fragment is 
also featured widely in compounds with applications in other industrial sectors such as 
flavors, fragrances, spices, cosmetics and food. In nature, many organic compounds 





Figure 1.1. Natural products containing n-prenyl motif. 
 
Aside from the n-prenyl group, naturally occurring organic compounds also 
contain the tert-prenyl (1,1-dimethylallyl) moiety which can be introduced to a molecule 
by way of reverse-prenylation (Figure 2). 





To understand how nature incorporates the prenyl moiety into organic 
compounds, studies were done to elucidate the biosynthetic pathways for terpene 
precursors. Through a series of enzyme mediated biological modifications, acetic acid is 
converted to isopentenyl pyrophosphate (IPP), which isomerizes to ,-dimethylallyl 
pyrophosphate (DMAPP) via isopentenyl pyrophosphate isomerase (Figure 1.3).3 
Figure 1.3. Simplified biosynthesis of terpenes. 
 
In the process of constructing prenylated natural products, terpene unit can 
elongate by way of substitution between the DMAPP unit and IPP unit to furnish geranyl 
pyrophosphate, also known as monoterpene (Figure 1.4). This monoterpene can then 
undergo series of chemical transformations to deliver organic molecules with great 
complexity, such as β-pinene, (R)-limonene, Eudesmol, and even the renowned drug 
Taxol®. 
Figure 1.4. Terpene unit elongation. 
 
Given the unique and practical features of the prenyl motif, the versatility of this 
useful synthon in natural product synthesis prompts many scientists to develop protocols 




formation can occur at the α- or -position of the prenyl group; hence one synthetic 
challenge in prenylation is the control of regioselectivity. Efforts have been made to 
investigate regioselective carbonyl prenylation. It is known that transition metal mediated 
carbonyl prenylation employing prenyl halide occurs regioselectively at the -position, 
through attack at the tertiary terminus (Figure 1.5).4 
Figure 1.5. Classical metal mediated carbonyl prenylation with prenyl halide.5 
 
To avoid the stoichiometric use of metal and to circumvent the poor regiocontrol 
of carbonyl prenylation, methods involving transition metal catalysts and non-metal 
catalysts are still under development to expand the protocols available for synthesizing 
the α- or -adduct with high levels of regioselectivity.  
 This review presents an overview on protocols developed for prenylation, reverse 
prenylation and geranylation with carbonyl compounds under transition metal and non-
metal catalysis. Free radical, transition metal mediated carbonyl addition of this type and 
prenylation via catalytic generation of potassium prenal dienolate6 will not be covered. 
Furthermore, different types of rearrangement processes to install the prenyl group, such 
as double regio-inversion,7 Claisen rearrangement8 and dimethylallyltryptophan catalyzed 






In the course of developing alkylation methods involving alkenylboronate-
aldehyde coupling, Murakami discovered the use of a cationic rhodium(I) catalyst in 
diastereoselective carbonyl allylation reactions to furnish anti-homoallylic alcohols in 
good to excellent yields.10 An analogous reaction with 3-methyl-1-butenylboronate 1.1 
was conducted using the catalyst derived from [Rh(nbd)(CH3CN)2]SbF6 and dppm 
(dppm=bis(diphenylphosphino)methane); product of reverse prenylation 1.3 was obtained 
in 93% isolated yield, suggesting that 1.1 can promote reverse prenylation under rhodium 
catalysis (Scheme 1.1). However, one drawback for this reaction is the requirement for 
excess alkenylboronate, which generates substantial amount of organometallic wastes. 
Scheme 1.1. Rhodium catalyzed reverse prenylation using alkenylboronate. 
  
1.3 Palladium 
 Palladium-mediated allylation is one important development for C-C bond and C-
X bond (X=heteroatom) formations involving preformed organometallic reagents.11 
Palladium catalyzed carbonyl allylation in the presence of low-valent metals via the 
formation of a π -allypalladium complex and allylmetal species is well established.12 In 




Under palladium catalysis, isoprene was converted to a prenyltin species in the presence 
of SnCl2, which then underwent carbonyl addition with aldehydes 1.5a-1.5i to deliver 
products of reverse prenylation 1.6a-1.6i (Table 1.1).13 Pd(OAc)2 and Pd(PPh3)4 were 
employed as palladium source for the transformation. When more sterically demanding 
cyclohexanecarboxaldehyde 1.5i was used, reactivity dropped significantly. 
Table 1.1. Palladium catalyzed reverse prenylation of aldehydes with isoprene.a 
 
aYields are of isolated material.bThe reaction was conducted at 80 ˚C for 2 h. cThe reaction was 
carried out with PPh3 (0.04 mmol) at 50 ˚C. 
 
The proposed catalytic cycle begins with the generation of stannypalladium 
hydride II from palladium(0) precatalyst, SnCl2 and AcOH. Coordination of isoprene led 
to the formation of π -allylpalladium complex III. Insertion of the olefin to the Pd-Sn 
bond led to the formation of π -allylpalladium hydride IVa, while olefin inserted to the 
Pd-H bond resulted in the formation of π -allylpalladium stannate IVb. Both inter-
mediates IVa and IVb led to the formation of N-prenyltin species V, regenerating 
palladium(0) precatalyst. N-prenyltin species V then participated in C-C coupling with an 




Scheme 1.2. Proposed catalytic mechanism for palladium catalyzed carbonyl reverse 
prenylation. 
 
 In 2000, Cheng reported the use of 1,2-dimethylallene as the source for generating 
π -allylpalladium species in carbonyl allylation of aldehydes. Upon exposure of allene 1.7 
to aldehydes in the presence of SnCl2 and aqueous HCl under palladium catalysis, 
carbonyl reverse prenylation proceeded to deliver products of reverse prenylation 1.9a-
1.9k in modest to good yields (Table 1.2).14  
Cheng proposed that protonation of palladium(0) generates palladium(II) hydride 
species II and coordination of dimethylallene resulted in hydrometallation of allene to 
form π -allylpalladium intermediate. Nucleophilic attack by SnCl3 led to hydrostannation 
of 1,1-dimethylallene to form prenyltin species IV, which then engaged in C-C coupling 
with aldehyde via a six-membered transition state to deliver prenyl alcohol as product of 




Table 1.2. Palladium catalyzed reverse prenylation of aldehydes.  
 
aYields are of isolated material. 
 
Scheme 1.3. Plausible catalytic mechanism for palladium catalyzed reverse prenylation. 
 
 Although the scope for palladium catalyzed carbonyl prenylation via in situ 




from the requirement of stoichiometric organometallic reagents which led to generation 
of organometallic byproducts. 
1.4 Nickel 
Although palladium catalyzed indium mediated allylation was known,12n-p the 
reaction proceeded very slowly, prompting for more effective methods for allylic alcohol 
synthesis. In 2004, Araki reported that allylindium reagents can be prepared directly from 
the allylic alcohols through reductive transmetallation of a π-allylnickel intermediate with 
InI. By employing the complex derived from Ni(acac)2 and PPh3, C-C coupling to 
carbonyl compounds was promoted, producing homoallylic alcohols in good yields.15 
Interestingly, when -dimethylallyl alcohol was treated with benzaldehyde under the 
reaction conditions, prenylindium was not formed, even with an increased loading of 
nickel catalyst (Scheme 1.4, top). However, α-dimethylallyl alcohol could be used under 
nickel catalysis to deliver products of reverse prenylation in 93% isolated yield (Scheme 
1.4, bottom).15  





 Araki showed that the allylnickel intermediate was not the nucleophilic coupling 
partner; instead, the allylindium species participated in C-C bond formation. Ni(acac)2 
was reduced to nickel(0) I in the presence of InI (Scheme 1.5). π-Allylnickel intermediate 
III was generated from α-dimethylallyl alcohol and nickel(0) catalyst. Intermediate III 
then underwent reductive transmetallation with InI to form the prenylindium intermediate 
IV, which engaged in C-C coupling with benzaldehyde via a chair-like transition 
structure to afford prenylated alkyoxy indium V. 
Scheme 1.5. Proposed catalytic mechanism for nickel catalyzed indium mediated reverse 
prenylation. 
 
 Similar to the aforementioned shortcoming of palladium catalyzed carbonyl 
prenylation, one drawback for this reaction is the use of stoichiometric indium to form 
the allylindium intermediate in order to achieve carbonyl addition. Hence, the reaction 








1.5.1 Hydrogenative Carbonyl Reverse Prenylation 
In 2007, Krische reported the first simple catalytic reductive allene-carbonyl 
coupling to deliver products of reverse prenylation. It was discovered that catalysts 
derived from the cationic iridium complex [Ir(cod)2]BARF (BARF = B(3,5-(CF3)2 
C6H3)4) and a bidentate phosphine ligand BIPHEP promoted C-C coupling under an 
atmosphere of hydrogen (Table 1.3).  1,1-dimethylallene was selected to be the nucleo-
philic partner in the carbonyl reverse prenylation. It was found that this choice of π -
unsaturate circumvented the over reduction of the homoallylic alcohol product observed 
from the reaction with the parent allene.  
Table 1.3. Iridium catalyzed hydrogenative carbonyl reverse prenylation.a 
 




The catalytic mechanism was elucidated by the isotopic experiments conducted 
under an atmosphere of deuterium. Iridum(III) hydride I was formed in the presence of 
elemental hydrogen and Li2CO3, followed by hydrometallation of dimethylallene to 
generate the π-allyliridium intermediate IIa, which reversibly interconverted to the 
corresponding -allyliridium species IIb. Coordination of aldehyde promoted C-C bond 
formation via a chair-like transition state III. Protonolysis of the alkoxyiridium 
intermediate IV delivered prenylated product V (Scheme 1.6). 
 
Scheme.1.6. Proposed catalytic mechanism for iridium catalyzed reverse prenylation. 
 
Carbonyl addition with allylic inversion accounts for the formation of reverse 
prenylated products. This methodology involving hydrogen mediated carbonyl reverse 
prenylation represents a departure from the use of stoichiometric organometallic reagents 
in carbonyl addition reactions. Under iridium catalysis, elemental hydrogen was 





1.5.2 Transfer Hydrogenative Carbonyl Reverse Prenylation 
While hydrogenative carbon reverse prenylation was shown to be successful, 
identical transformation could also be performed using an alcohol reactant under transfer 
hydrogenative conditions. Hydrogen embedded in the alcohol reactants served as the 
terminal reductant in the C-C coupling process. This strategy allows access to reverse-
prenylation products from both alcohol and aldehyde coupling partners, eliminating the 
need for discrete oxidation prior to C-C bond formation. Additionally, Krische disclosed 
that isopropanol could serve as a terminal reductant in allene-aldehyde reductive coup-
lings under the aforementioned iridium catalyst system. Hence, under iridium catalysis, 
1,1-dimethylallene coupled to alcohols or aldehydes to efficiently deliver the corres-
ponding α-prenyl alcohol in good yields (Table 1.4).16 This advance in transfer hydro-
genative C-C forming processes enable access to products of reverse prenylation from the 
alcohol or aldehyde oxidation levels in the absence of preformed allylmetal reagents. 













Later, Krische discovered the efficacy of in situ formation of ortho-cyclo-
metallated C,O-benzoate iridium complex in promoting asymmetric carbonyl addition. 
By using this iridium catalyst, activated ketones in the form of N-benzyl substituted 
isatins were subject to highly enantioselective carbon reverse prenylation (Table 1.5). 
This transformation enabled the formation of two contiguous quaternary carbon centers. 
Table 1.5. Iridium catalyzed reverse prenylation of N-benzyl isatins.a 
 
aYields are of material isolated by silica gel chromatography. 
 The cyclometallated π-allyliridium complex was later isolated and the structure 
was confirmed by X-ray crystallography.17 Tuning of ligand and base additive was shown 
to be crucial to the reactivities of the complex. By using this iridium complex, Krische 
developed an efficient protocol for enantioselective catalytic carbonyl reverse prenylation 
under transfer hydrogenation conditions. Unlike the hydrogenative carbonyl reverse 
prenylation, unactivated aldehydes such as aliphatic and α,β-unsaturated aldehydes 




SEGPHOS complex derived from allyl acetate, m-nitrobenzoic acid, and (S)-SEGPHOS. 
This protocol enabled access to enantiomerically enriched prenylated adducts from the 
alcohol or aldehyde oxidation level, rendering an alternative to the use of stoichiometric 
allylmetal reagents in enantioselective carbonyl reverse prenylations.18 Additionally, this 
is also the first example of transfer hydrogenative C-C coupling achieved by using 1,1-
dimethylallene as the prenyl donor (Table 1.6).  
Table 1.6. Enantioselective iridium catalyzed reverse prenylation from alcohol or 
aldehyde oxidation levels.a,b 
 
aYields are of material isolated by silica gel chromatography. bEnantiomeric excess was 










1.6.1 Transfer Hydrogenative Coupling of Isatin 
In the Krische laboratory, transfer hydrogenation was developed to promote atom 
economical couplings between π-unsaturates and alcohols or aldehydes.19 In 2009, 
Krische reported reverse prenylation of isatin using RuHCl(CO)(PPh3)3 as precatalyst and 
JohnPhos as ligand.20 Using formic acid as the terminal reductant under mild reaction 
conditions, 1,1-dimethylallene was employed as prenyl donor to undergo C-C coupling 
with isatin to deliver 3-hydroxy-3-tert-prenyl-oxindole in 74% isolated yield (Scheme 
1.7). It is worth noted that the reaction was conducted on 10 gram scale, offering a 
promising application of transfer hydrogenative C-C couplings under ruthenium catalysis 
on process scale.20 
Scheme 1.7. Ruthenium catalyzed reverse prenylation of protecting group free isatin. 
 
 One unique feature of this transformation is the absence of protecting groups on 
indolic nitrogen, rendering a more direct and atom economical pathway to prepare 
prenylated hydroxy oxindoles. Additionally, by using 1,1-dimethylallene as a transient 
prenylmetal precursor, stoichiometric use of organometallic reagents can be avoided. 




then engaged in tertiary neopentyl substitution with carbon nucleophiles to deliver 
adducts possessing two contiguous all-carbon quaternary centers. 
1.6.2 Transfer Hydrogenative Coupling of Secondary Carbinol C-H 
Bonds 
Krische recently reported a protocol that utilized isoprene as prenyl donor to 
achieve prenylation of α-hydroxy esters under ruthenium catalyzed transfer hydro-
genation conditions. Intrigued by Beller’s work that demonstrated the ability to perform 
dehydrogenation of α-hydroxy amide under ruthenium catalysis,21 isoprene was coupled 
to various α-hydroxy esters regioselectively by the catalyst derived from Ru3(CO)12 and 
PCy3 (Table 1.7).22 
Table 1.7. Ruthenium catalyzed prenylation of carbinol C-H bonds. 
 





Under transfer hydrogenation conditions, coupling occurs at the secondary 
carbinol position via the transient α-ketoester generated. This strategy avoided the 
discrete oxidation of the α-hydroxy ester and the use of stoichiometric preformed 
organometallic reagents that are commonly employed to activate the π-unsaturated 
counterparts. Similarly, geranylation was accomplished by using myrcene as the diene 
participated in C-C coupling. Under the identical conditions, products of carbinol C-H 
geranylation were obtained with complete regiocontrol (Table 1.8). 
Table 1.8. Ruthenium catalyzed geranylation of carbinol C-H bonds. 
 
aYields are of material isolated by silica gel chromatography. bmyrcene 1.56 (400 mol%). 
 
 Isotopic experiments were performed to account for the regioselectivity of the 
transformation and olefin geometry. Unlike the hydrometallative pathway that was pro-




firm the oxidative coupling mechanism under a ruthenium(0) catalyst system (Scheme 
1.8). Oxaruthenacyclopentane I was formed upon oxidative coupling of isoprene and 
ethyl 2-oxo-2-phenylacetate, and was isomerized to oxaruthenacycloheptene II. Protono-
lysis followed by reductive elimination delivered prenylated or geranylated α-hydroxy 
ester.  
Scheme 1.8. Proposed catalytic mechanism for direct prenylation of α-hydroxy ester. 
 
This methodology employs a zero valent ruthenium catalyst to succeed a highly 
regioselective and atom-economical n-prenylation and geranylation of carbinol C-H 
bonds with complete stereoselectivity of olefin geometry. To date, this is the first method 
that achieves n-prenylation and geranylation regioselectively at a secondary carbinol 
position under transfer hydrogenation conditions. However, the diene scope is very 
narrow, and these reactions are limited only to aryl-substituted α-hydroxy esters. Enantio-







1.7 Nonmetal Catalysis 
1.7.1 Lewis Acid and Brønsted Acid Catalysis 
In 2003, Loh and coworkers developed a prenylation protocol in which -prenyl-
1,5-diol was employed as the prenyl donor, unlike the commonly used allylmetal 
species.23 In the course of developing an α-selective prenylation method, it was dis-
covered that the initially formed α-prenyl alcohol could undergo oxonium-ene cyclization 
in the presence of an aldehyde or an acid to form tetrahydrofuran derivatives as product.24 
To suppress the cyclization, the oxonium-ene intermediate was trapped by a hydroxyl 
group to form a ketal that could be removed readily by hydrolysis. By employing -
prenyl-1,5-diol in the presence of catalytic amount of acid, the prenyl group was trans-
ferred to the aldehyde upon ketal formation, rearrangement and THP-deprotection to 
deliver the desired α-prenyl alcohol (Scheme 1.9).  
Scheme 1.9. Proposed mechanism for α-regioselective and enantioselective prenylation 





 As demonstrated by this work, Loh took advantage of the hydroxyl group of -
prenyl-1,5-diol to suppress oxonium-ene cyclization by means of ketal formation. It was 
reported that the combination of In(OTf)3 as the choice of Lewis acid and a polar solvent 
afforded products of α-prenylation in moderate yields; however, aryl aldehydes were fur-
nished in much lower enantiomeric excess. Conversely, Brønsted acid such as triflic acid 
(TfOH), in a nonpolar solvent was found to be an effective system in promoting α-prenyl-
ation of aryl aldehydes, aliphatic aldehydes and aldehydes with α,β-unsaturated ester 
functionalities in moderate to good yields and enantiomeric excess (Table 1.9). Studies 
using chiral aldehyde revealed that the stereochemistry of the product solely depended on 
the stereochemistry of the prenyl source. 
Table 1.9. Lewis acid or Brønsted acid catalyzed n-prenylation. 
 
aYields are of isolated material. bThe absolute configuration was assigned as R by comparing the 
optical rotation with that of the known product.25 
 
By using the prenyl fragment tethered with a diol to surmount the unproductive 




ployed Lewis acid and Brønsted acids as catalysts was developed. However, one draw-
back for this transformation is the stoichiometric generation of THP as a byproduct. 
Additionally, the reason for low enantiomeric excess observed when aromatic aldehydes 
were used in the presence of In(OTf)3 remained unclear and is still under investigation. 
1.7.2 Lewis Base Catalysis 
In 1994, Denmark reported the first chiral Lewis base promoted allylation of 
aldehydes by means of chiral phosphoramides.26 Allyltrichlorosilanes were prepared as 
allyl and prenyl source for these reactions. Efforts were devoted toward designing diff-
erent chiral phosphoramides to enhance stereoselectivities of the transformation. It was 
found that polyethylene tethers could be utilized as linkers to prepare bidentate bisphos-
phoramides. The application of the bisphophoramide derived from (R,R)-2,2’-bispyrroli-
dine afforded products of reverse prenylation in excellent enantioselectivity.27 When -
dimethyl allylic trichlorosilane reacted with aldehydes using chiral bisphosphoramide, it 
underwent a closed highly organized chair-like transition structure to furnish α-prenyl 
alcohol in good yield (Table 1.10).  
This methodology exploited the chelation effects of the chiral Lewis base to pro-
mote enantioselective coupling. Stereoselectivity was proved to be dependent on the 
structure and the length of the linkage between the phosphoramides. Denmark showed 
that two phosphoramide units linked by pentamethylene tether led to high yielding and 
enantioselective allylation; this structure was key to providing an overall rigid transition 
structure required for a highly stereoselective addition. Successful carbonyl reverse 




ment in constructing quaternary stereogenic centers. However, one drawback of this 
reaction is the excess use of prenyltrichlorosilane needed to facilitate carbonyl addition, 
producing considerable amount of organometallic wastes. 
Table 1.10. Chiral Lewis base catalyzed carbonyl reverse prenylation.a 
 
aYields are of isolated material. 
1.8 Summary and Outlook 
Carbonyl prenylation is still under development and current methods typically 
require the addition of discrete allylmetal species to carbonyl compounds. This major 
drawback prevents application on industrial scale, prompting scientists to develop atom 
economical protocols that avoid the use of stoichiometric organometallic reagents. As 
presented in this review, despite the high stereoselectivity obtained, the majority of the 
methods require discrete or in situ generation of the prenylmetal species prior to carbonyl 
addition to achieve transformations with high regiocontrol and stereocontrol. More 
common methods to install a prenyl group even require stoichiometric amount of tran-




ation is very limited, as little effort has been made in this area. Recent development of 
transfer hydrogenative C-C bond forming strategies rendered a new generation of method 
development in carbonyl prenylation, reverse prenylation and even geranylation. 
However, enantioselective and diastereoselective variants of these methodologies are still 
under investigation. Although excellent progress has been made in transitioning from 
stoichiometric amount of metal required to metal catalysis in the absence of preformed 
organometallic reagents, more insight is needed to expand the protocols for regiocontrol 
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Chapter 2: Ruthenium Catalyzed Transfer Hydrogenative C-C Bond 
Formation via Carbonyl Addition 
2.1  Introduction  
 C-C bond formation via carbonyl addition, i.e. addition of carbon based nucleo-
philes to carbonyl compounds, is among the most important transformation in synthetic 
organic chemistry. Methods involving C-C bond formations are powerful tools for 
constructing the carbon framework of many natural products. Traditional protocols often 
employ preformed organometallic nucleophiles resulting in stoichiometric generation of 
toxic organometallic byproducts, which is a major concern on industrial scale. Hence, 
development of alternative methods is necessary to address this shortcoming from a 
synthetic and atom-economic perspective.  
 Transfer hydrogenation does not require a preformed organometallic reagent. 
Instead, a transition metal is used to directly couple an alcohol to a π-unsaturate with no 
preactivation. Aldehydes can also be used in the presence of a terminal reductant, such as 
isopropanol or formic acid, to achieve products of carbonyl addition in an efficient 
manner. Direct reductive couplings involving the addition of π-unsaturated nucleophiles 
to carbonyl coupling partners have been reported.1 Stereoselective variants of these 
transformations in the absence of premetallated counterparts have been challenging and 
are still currently under study. Recently remarkable progress has been shown within the 
realm of asymmetric transfer hydrogenative couplings. In this chapter, development of 
new methodologies involving stereoselective C-C couplings under transfer hydrogenation 
conditions will be discussed.  
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2.2  Formal Hydroacylation of 2-Butynes with Alcohols and Aldehydes2 
2.2.1 Background 
 Transition metal catalyzed hydroacylation is an intriguing process in which 
ketones are synthesized from π­unsaturates and aldehydes via the formyl C-H bond acti-
vation.3 Rhodium catalyzed intramolecular alkene hydroacylation was first reported by 
Sakai and coworkers4 in the synthesis of cyclopentanone (Scheme 2.1).  
Scheme 2.1. First rhodium catalyzed intramolecular hydroacylation. 
  
One major pitfall observed in rhodium catalyzed hydroacylation, especially in 
intermolecular variants, was the formation of the inactive carbonyl complex as a result of 
competitive decarbonylation of the acylrhodium intermediates (Scheme 2.2).5 
Scheme 2.2. General mechanistic pathway for intramolecular hydroacylation and the 




While alternative transition metals, such as cobalt6 and ruthenium,7 have also been 
investigated as catalysts for this transformation, they typically suffer from the narrow 
scope of the coupling partners or low regioselectivity. To circumvent the aforementioned 
limitation, reactant-based chelation assistance such as γ,δ-unsaturated aldehydes,8a β-
sulfido-aldehydes,8b,9c-e,g and (N-2-pyridyl) aldimines9c were employed as acyl donors to 
promote β-chelation that suppresses the decarbonylation pathway. Stereoselective inter-
molecular alkyne hydroacylation is restricted to systems that exploit chelating-group-
containing acyl donors;9 hence, alkyne hydroacylation is far less explored. Recently, 
efficient intramolecular alkyne hydroacylations were developed by Fu and Tanaka.10 
In our laboratory, ruthenium catalyzed reductive C-C bond formation under trans-
fer hydrogenation conditions offers complementary reactivity to iridium-catalyzed vari-
ants. It was discovered that over-oxidation of the initially formed products from reductive 
C-C coupling delivered products of formal hydroacylation. The first illustration of this re-
markable finding was ruthenium catalyzed formal diene-carbonyl hydroacylation to furn-
ish β,γ-unsaturated ketones (Scheme 2.3). This transformation could also be achieved 
from the alcohol or aldehyde oxidation level with complete regiocontrol in the absence of 
decarbonylation and β-chelation assistance.11  





2.2.2 Reaction Discovery and Optimization 
In prior work on ruthenium catalyzed carbonyl vinylation using 2-butyne as the 
vinyl donor, oxidation of the initially formed allylic alcohol was observed to give the cor-
responding α,β-unsaturated ketone as a minor product.12 In light of this observation, we 
further studied this transformation to develop an intermolecular alkyne hydroacylation. 
We hypothesized that under transfer hydrogenative ruthenium catalysis, this method 
would address the aforementioned challenge and promote step-economical coupling of 
alkynes to alcohols and/or aldehydes. Additionally, this methodology would also enable 
accessibility to all oxidation levels of substrates (alcohol and aldehyde) and products (al-
lylic alcohol and α,β-unsaturated ketone) with complete E-stereoselectivity of the enone 
products (Scheme 2.4).13 
Scheme 2.4. Accessibility to all oxidation levels of substrates and products via C-C bond 





In our previous studies on ruthenium catalyzed reductive diene-carbonyl coupling, 
the catalyst complex RuH(O2CCF3)(CO)(PPh3)2 generated in situ from RuH2(CO)(PPh3)3 
and trifluoroacetic acid promoted oxidation of the initially formed homoallylic alcohols 
to give the corresponding β,γ˗unsaturated ketones. When Ru(O2CCF3)2(CO)(PPh3)2 was 
used as the precatalyst in the direct vinylation of alcohols with alkynes, further oxidation 
of the initially formed allylic alcohols to the corresponding hydroacylation ketone 
products was observed.  
To examine the feasibility of the intermolecular alkyne-carbonyl hydroacylation 
based on this observation, we employed Ru(O2CCF3)2(CO)(PPh3)2 as the precatalyst for 
our proposed alkyne hydroacylation system. 2-Butyne was selected as our π­unsaturated 
reactant due to its commercially availability and simple symmetric structure. We postu-
lated that higher reaction concentration could facilitate the formation of allylic ruthenium 
alkoxide, followed by β-hydride elimination to provide enone product. To test this 
hypothesis, we exposed p-nitrobenzyl alcohol 2.2a as the acyl donor to the 2-butyne 2.1. 
Gratifyingly, by raising the temperature from 95 °C to 110 °C, increasing the reaction 
concentration from 0.2 M to 2.0 M and extending the reaction time from 18 h to 30 h, 
desired enone product 2.3a was formed in 73% isolated yield (Table 2.1, entry 3). 
Furthermore, due to the high volatility of 2-butyne 2.1, alkyne loading was increased to 
150 mol% to ensure that sufficient alkyne reactant was added to the reaction mixture; 
however, further increase in alkyne loading did not show any improvement in product 
yield. This optimization resulted in 88% isolated yield to the exclusion of the allylic 
alcohol. (Table 2.1, entry 4) 
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Table 2.1. Selected optimization experiments illustrating the effects of reaction time, 
reaction concentration and alkyne loading in formal hydroacylation of 2-butyne 2.1 with 
p-nitrobenzyl alcohol.a 
 
aYields are of material isolated by silica gel chromatography. 
 
2.2.3 Reaction Scope 
With the optimal condition in hand, the reaction scope of this transformation was 
studied. Under the optimal conditions employing Ru(O2CCF3)2(CO)(PPh3)2 as the 
precatalyst in THF (2.0 M) at 110 °C, 2-Butyne 2.1 was coupled to benzylic alcohols and 
aliphatic alcohols, all of which delivered the corresponding α,β-unsaturated ketones 2.3a-
2.3j as single geometrical isomers (>95:5, E:Z selectivity) in good to excellent isolated 
yields (Table 2.2). Modifications, such as extending reaction time, raising the temper-
ature and increasing catalyst loading, were made to m-methoxybenzyl alcohol and several 




Table 2.2. Hydroacylation of 2-butyne from alcohol oxidation level.a 
 
aAll cited yields are of material isolated by silica gel chromatography. bThe reaction was 
conducted at 130 °C.  
 
Finally, isopropanol was employed as the terminal reductant to generate the metal 
hydride species required to initiate the catalytic cycle, so an identical set of enone 
products can be furnished from the aldehydes 2.4a-2.4j (Table 2.3).  
 
Table 2.3. Hydroacylation of 2-butyne from aldehyde oxidation level.a 
 
aAll cited yields are of isolated material. bThe reaction was conducted at 130 °C. cThe reaction 
was conducted for 40 h. dThe reaction was conducted using 2-MeTHF as solvent. eThe reaction 
was conducted using 10 mol% Ru(O2CCF3)2CO(PPh3)2. 
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2.2.4 Proposed Reaction Mechanism 
 Two reaction pathways were proposed for this transformation (Scheme 2.5). 
Dehydration of alcohol reactant provided the corresponding aldehyde and ruthenium 
hydride as the active catalyst. Oxidative coupling of 2-butyne and an aldehyde provided 
an oxaruthenacyclopentene intermediate Ia which could undergo reductive elimination to 
insert the hydride into the vinylic position, resulting in an acyclic ruthenium alkoxide 
intermediate II. This intermediate then underwent β-hydride elimination to afford the 
desired product III. Alternatively, ruthenium hydride could hydrometallate 2-butyne to 
give the vinyl ruthenium intermediate Ib, which then coupled to an aldehyde to provide 
an acyclic ruthenium alkoxide intermediate II, followed by β-hydride elimination to 
afford the desired product III. In both cases, the active catalyst ruthenium hydride was 
regenerated and re-entered the catalytic cycle.  





 We have demonstrated the ability to promote C-C bond formation via ruthenium 
catalyzed intermolecular hydroacylation of 2-butyne under the conditions of transfer 
hydrogenation. This new methodology allowed access to the hydroacylation product, α,β-
unsaturated ketones, as single geometrical isomers (>95:5 E:Z selectivity) in good to 
excellent yields in the absence of decarbonylation and chelation assistance. 
Ru(O2CCF3)2(CO)(PPh3)2 as a precatalyst enables the use of alcohols and aldehydes as 
coupling partners to alkynes; the use of alcohol reactant avoided redox manipulation that 















2.3  anti-Diastereoselective Hydrohydroxyalkylation of 1,1-Disubstituted 
Allenes via Curtin-Hammet Effects14 
2.3.1 Background 
Homoallylic alcohols are versatile building blocks for the synthesis of natural 
products and biologically active compounds.15 These extraordinary precursors have been 
widely used in a variety of transformations, for example, Prins cyclization reactions,16 
epoxidations17 and cycloaddition reactions with nitrile oxides, to furnish fragments en 
route to natural products.18 Due to the diverse transformations that these precursors offer, 
efforts have been invested toward developing methods for the synthesis of homoallylic 
alcohols, many of which involve carbonyl allylation or carbonyl-ene reaction. These 
protocols normally require multiple stages of metal preactivation or allylic organometal-
lic reagents (Figure 2.1).19  
Figure 2.1. Stereoselective synthesis of homoallylic alcohols via the use of allylmetal 
species. 
 
However, the stereocontrolled synthesis of homoallylic alcohols is far less 
studied. Many of these processes rely on the use of allylic metal species containing 
stoichiometric amounts of chirally modified ligands to achieve high levels of stereo-
selectivity.19b Recently, Morken reported diastereoselective formation of homoallylic 
alcohols using allylboronates as allyl donor (Scheme 2.6).20 Though the homoallylic 
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alcohols were successfully prepared with high diastereoselectivity, the use of preformed 
organometallic reagent was inevitable. 
Scheme 2.6. Regio- and diastereoselective nickel catalyzed 1,4-hydroboration of diene. 
 
2.3.2 Reaction Discovery and Optimization 
In our laboratory, C-C bond formation via iridium catalysis exhibit excellent 
enantio- and diastereoselectivity under mild, transfer hydrogenative conditions. Ruthen-
ium catalyzed non-stereoselective C-C bond forming couplings are well studied, yet 
enantio- and/or diastereoselective unsaturate-carbonyl coupling reactions utilizing ruthen-
ium-based catalysts have been challenging and are still under investigation. Recently, 
ruthenium catalyzed carbonyl-allenamide and carbonyl-diene C-C couplings were report-
ed to yield multifunctional homoallylic alcohols in high diastereoselectivity (Scheme 
2.7).21  
Scheme 2.7. Ruthenium catalyzed carbonyl anti-aminoallylation (top); direct carbonyl-







These processes were performed from the alcohol oxidation level, taking the 
advantage of the electrophilic coupling partners generated in situ and bypassing discrete 
alcohol oxidation. Additionally, these achievements provided room for future exploration 
in stereoselective carbonyl addition transformations via ruthenium catalysis. 
Encouraged by the aforementioned success in carbonyl anti-aminoallylation and 
carbonyl-diene coupling, diastereoselective allene-alcohol coupling was explored to 
achieve the formation of all-carbon quaternary centers under transfer hydrogenative 
ruthenium catalysis (Scheme 2.8). This method did not only surmount the current 
limitations to the use of dienes or allenamides by diversifying the types of unsaturates 
engaged in ruthenium catalyzed C-C couplings, but it also promoted direct carbonyl 
allylation to furnish homoallylic alcohols in high diastereoselectivity in the absence of 
preformed organometallic reagents. 
Scheme 2.8. anti-Hydrohydroxyalkylation of 1,1-disubstituted allenes from alcohol 
oxidation level. 
 
Classical protocols for carbonyl allylation typically employ preformed organo-
metallic reagents; stereoselectivity of such transformation in the absence of premetallated 
counterparts is challenging and is still under study. In recent works on carbonyl-
allenamide and carbonyl-diene C-C bond forming couplings, the ruthenium catalyst 
system was found to be capable of introducing diastereoselectivity to the resultant 
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homoallylic alcohols, providing an alternative to iridium catalysts. Three types of 1,1-
disubstituted allenes were studied to afford stereoselective C-C couplings as well as 
formation of all quaternary carbon centers. Allenes of interest, 2.8, 2.9 and 2.10, were 
subjected to the reaction conditions for anti-aminoallylation to test the feasibility of the 
hypothesized transformation. To our delight, when methyl-phthalimido allene was exp-
osed to p-nitrobenzyl alcohol using RuHCl(CO)(PPh3)3 as precatalyst and DiPPF as 
ligand, 97% yield of the desired alcohol product with a 3:1 dr (anti:syn) was obtained 
(Scheme 2.9). 
Scheme 2.9. Preliminary studies of allene-alcohol coupling. 
 
 The above preliminary results revealed areas for further exploration. Since allene 
2.8 was a crystalline solid, it was selected for in-depth investigation by first examining 
the ligand effect on the stereoselectivity of this transformation. For further optimization, 
p-nitrobenzyl alcohol was employed as the model substrate; monodentate and bidentate 
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ligands of various electronic properties were screened (Table 2.4). It was observed that 
electron-rich ligands, i.e. trialkyl phosphine ligands (Table 2.4, entries 7-13), promoted 
higher diastereoselectivity than the electron deficient ligands. This suggested that 
nucleophilicity of the allylmetal intermediate was enhanced by the electron-rich ligands, 
and as a result, the enhanced nucleophile-electrophile interaction added thermodynamic 
stability to the transition state structure, giving rise to a higher stereoselectivity by 
increasing the energy barrier for the C-C bond formation event.  
Table 2.4. Ligand screen for p-nitrobenzyl alcohol. 
 
Based on the ligand screen, the size of the ligands, i.e. the cone angle, might also 
have an effect on the stereoselective process (Table 2.4, entries 11-13). CataCXium®ABn 
has two bulky adamantyl groups attached to phosphorus; hence, a single diastereomer 
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was obtained though poor yield. It was reasoned that the resulting stereoselectivity was 
due to the energetic partitioning of the transient (Z)- and (E)-σ-allylruthenium isomers; 
thus, by replacing PPh3 with bulkier ligands on ruthenium, thermodynamic stability of 
one of the diastereomers will enhance the energetic difference between the two isomers, 
giving rise to the observed high diastereoselectivity (Figure 2.2).  
Figure 2.2. Partitioning of (Z)-σ-allyl and (E)-σ-allyl intermediates. 
 
Upon hydrometallation of the allene, the (E)-σ-allylruthenium isomer is gener-
ated; through π -allyl interconversion as shown below, the (Z)-σ-allylruthenium isomer 
can be formed (Scheme 2.10). We hypothesized that the concentration of the reaction 
media would enhance the diastereoselectivity. Under more dilute concentration, the C-C 
bond formation process would slow sufficiently, providing more time for π -allyl 
interconversion, which would give rise to high diastereoselectivity as a result of energetic 




Scheme 2.10. π -Allylruthenium interconversion process. 
 
To test this hypothesis, we subjected the coupling of allene 2.8 and p-nitrobenzyl 
alcohol to the reaction conditions under varied concentrations (Table 2.5). To our delight, 
the results displayed an increase in diastereoselectivity with more dilute reaction media, 
supporting the hypothesis. When the reaction media was diluted to 0.2 M concentration, 
2.12a was obtained with complete diastereocontrol (Table 2.5, entry 3).  
Table 2.5. Concentration dependent diastereoselectivity of the coupling of allene 2.8 and 
p-nitrobenzyl alcohol. 
 
With the crystalline single diastereomer in hand, the regio- and relative stereose-
lectivity of the coupling product were determined by 1H NMR and single-crystal X-ray 
diffraction analysis (Figure 2.3). Further optimization of the reaction conditions afforded 











Encouraged by these results, we further postulated Curtin-Hammett scenario 
might be empirically operative, in which the product ratio, i.e. anti- and syn-diastereo-
mers, is determined by the relative energetic barrier of the interconverting σ-allyl iso-
mers. In other words, the observations above suggested that thermodynamic stabilities of 
both σ-allylruthenium intermediates did not alone determine diastereocontrol. Therefore, 
the energetic partitioning of (Z)- and (E)-σ-allylruthenium isomers upon hydrometallation 
might be improved by enhancing the steric congestion at the metal center. As a result, 
thermodynamically more stable (E)-σ-allylruthenium isomer should preferentially 
participate in the carbonyl addition with the transient aldehyde as a result of a Curtin-
Hammett scenario (Scheme 2.12). This rationale suggested that the counterion on 
ruthenium can be varied to promote the energetic bias of the diastereomeric transition 
structures. These modified ruthenium complexes were prepared via the acid-base reaction 
of RuH2(CO)(PPh3)3 and acids of interest. A counterion screen with allene 2.10 was done 





Table 2.6. Counterion screen for the coupling of p-nitrobenzyl alcohol and allene 2.10. 
 
 With mesitylene sulfonic acid as the acid of choice, the ruthenium mesitylene 
sulfonate complex formed in situ provided complete levels of anti-diastereoselectivity of 
product formed (Table 2.6, entry 5). The data shown above suggested that as the 
counterion increased in size and became larger, the ruthenium catalyst attained more 
cationic character. Thus, an open coordination site was available to allow more rapid π -
allyl interconversion, which in turn facilitated the formation of the more thermodyna-
mically stable (E)-allylruthenium isomer. 
 Additional experiments were performed to show that the Curtin-Hammett 
scenario was operative. If the Curtin-Hammett scenario was indeed operative, then 
carbonyl addition leading to either anti- or syn-diastereomer would be slower and the 
product ratio would be independent of the relative stabilities of the σ-allyl intermediates. 
In other words, the (E)-σ-allylruthenium isomer would react faster with the aldehyde than 
the other to afford the anti-diastereomer. This is supported by the aforementioned obser-
vation of the concentration effect; if the concentration is lower, trapping of the σ-allyl 
intermediate with the aldehyde will be slower, allowing more time for the allyl isomers to 
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equilibrate. This allows repopulation of the (E)-σ-allyl isomer, resulting in amplification 
in diastereomeric ratio of the anti-syn isomers.  
Given this data, we envisioned a drop in diasteriomeric ratio in the presence of 
excess aldehyde. This would result from the rapid trapping of the aldehydes, and hence, 
insufficient time for equilibration of both allyl isomers prior to carbonyl addition. Indeed, 
as we conducted the reaction with p-nitrobenzaldehyde under the identical conditions in 
the presence of isopropanol as the reductant, the diastereomeric ratio dropped to 1:1 
(Table 2.7, entry 2). This result enabled us to exploit the catalytic generation of aldehyde 
from dehydrogenation of alcohol in situ to enhance diastereoselectivity. 
Table 2.7. Comparison of diastereoselectivity for reactions conducted from alcohol and 
aldehyde oxidation level. 
 
2.3.3 Reaction Scope 
With the optimal conditions, allene 2.8 was exposed to alcohols of various elec-
tronic properties under transfer hydrogenative conditions to evaluate the scope of this 
transformation. When benzyl alcohol was exposed to the conditions optimized for p-
47 
 
nitrobenzyl alcohol, a decrease was observed in both the product yield and diastereo-
selectivity. Fine tuning of ligands was made; satisfactory results in both isolated yield and 
diastereoselectivity were obtained when ferrocene ligands were used. This revealed that 
subtle differences in electronic and steric properties of the ligands affected the results 
dramatically (Table 2.8, entries 2-4). 
Table 2.8. Ligand screen for benzyl alcohol. 
 
 By conducting the reaction at lower temperature (75 °C instead of 95 °C) with 
dilution (0.5 M instead of 1.0 M), the reaction proceeded with 99% yield and 8:1 dr 
(anti:syn) using DCyPF as the ligand. Lowering the temperature would lower the energy 
available for C-C bond formation; hence, the σ-allylruthenium isomers could equilibrate 
prior to carbon addition, resulting in an enhanced diastereomeric ratio. Under the 
identical reaction conditions, allene 2.8 exhibited considerably different diastereo-
selectivity in response to the transient aldehyde coupling partner. Tuning of ligands and 
modification of the reaction conditions provided the anti-diastereoselective formation of 
homoallylic alcohols 2.12a-2.12g in good to excellent yields with good to complete 




Table 2.9. Diastereoselective coupling of allene 2.8 to alcohols. 
 
aAll cited yields are of isolated material. Diastereoselectivity was determined via 1H NMR 
analysis of crude reaction mixtures. bLigand A = DiPPF (5 mol%); B = DCyPF (5 mol%); C = 
CyPPh2 (15 mol%). c300 mol% of allene was employed. dThe reaction was conducted for 48 h. 
 
 To expand the reaction scope, another 1,1-disubstituted allene was prepared to 
attempt this transformation (Table 2.10). Allene 2.9 was coupled to an identical list of 
alcohols under slightly varied conditions. Due to the aforementioned Curtin-Hammett 
scenario observed in the coupling with allene 2.8, subtle structural or electronic 
differences in either the allene or the alcohol could result in drastic variances in 
diastereomeric ratio as a result of the interaction between both the transient aldehyde and 
diastereomeric isomers. After several counterion screens, BINOL-phosphoric acid was 
selected as the acid of choice, affording homoallylic alcohols 2.13a-2.13e in good to 
excellent yields with good to excellent diastereomeric ratios (Table 2.10, entries 1-5). 
DiPPF was also selected as the ligand of choice for the coupling of allene 2.10 
and the identical alcohols of interest (Table 2.11). However, in the case of p-nitrobenzyl 
alcohol, mesitylene sulfonic acid was used as the acid for the coupling reaction, 
providing homoallylic alcohol 2.8a  in 84% isolated yield and >20:1 dr (anti:syn) (Table 
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2.11, entry 1). Coupling conditions for allene 2.5 were, in general, milder; reactions could 
be conducted at lower temperature yet still achieved excellent isolated yields. With 
benzyl alcohol, 2-furyl alcohol and cinnamyl alcohol, the corresponding coupling 
products 2.8c-2.8e were obtained in almost quantitative yields (Table 2.11, entries 3-5). 
Table 2.10. Diastereoselective coupling of allene 2.9 to alcohols. 
 
aAll cited yields are of isolated material. Diastereoselectivity was determined via 1H NMR 
analysis of crude reaction mixtures. b300 mol% of allene was employed. cThe reaction was 
conducted for 48 h. 
 








aAll cited yields are of isolated material. Diastereoselectivity was determined via 1H NMR 
analysis of crude reaction mixtures. b300 mol% of allene was employed. cThe reaction was 
conducted for 48 h. 
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2.3.4 Proposed Reaction Mechanism 
We proposed the alcohol dehydrogenation event as the first step to generate an 
aldehyde in situ and ruthenium hydride II, which triggered the hydrometallation of the 
allene to form the π -allylruthenium intermediate III (Scheme 2.11). The isomerized σ-
allyl intermediate was then captured by the transient aldehyde, forming a chair-like 
transition structure IV, which underwent C-C bond formation followed by protonolysis to 
afford the desired homoallylic alcohol product V and regenerated ruthenium alkoxide I 
(π -allyl interconversion omitted). 
Scheme 2.11. Proposed catalytic mechanism for allene-alcohol coupling. 
 
2.3.5 Summary 
In summary, current methods for stereocontrolled formation of homoallylic 
alcohols are limited and involve the use of stoichiometric preformed organometallic 
reagents. Based on the previous studies on transition metal catalyzed homoallylic alcohol 
syntheses in our laboratory, further diversification of the alcohol products can be 
achieved by utilizing three different types of 1,1-disubstituted allenes. Under transfer 
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hydrogenation conditions, RuHCl(CO)(PPh3)3 as precatalyst achieved diastereoselective 
formation of desired homoallylic alcohols containing all carbon quaternary centers. 
Curtin-Hammett effects displayed in this transformation allowed us to consider the 
significant influence that the counterion on ruthenium has on the diastereocontol. 
Moreover, by taking advantage of these effects, diastereoselection via energetic parti-
tioning of the σ-allylruthenium isomers occurred at the transition state for the carbonyl 
addition, bypassing the partition of allylruthenium intermediates at the ground state. 
Through modification of the ruthenium complexes, amplication of anti-diastereo-
















2.4  Regio- and Setereoselective Carbonyl Vinylation of Nonsymmetric 
Alkynes22 
2.4.1 Background 
 Carbonyl vinylation provides a unique technique for the synthesis of allylic 
alcohols, which are versatile organic building blocks in organic synthesis. Stereoselective 
preparation for allylic alcohols typically requires stoichiometric alkyne hydrometallation 
and multiple stages of preactivation prior to coupling with aldehydes (Scheme 2.12).23 
Hence, stereoselective carbonyl vinylation remains one major challenge. 
Scheme 2.12. Selected example of multiple stages of preactivations of alkyne prior to 
carbonyl addition.23a 
 
 Transition metal catalyzed reductive alkyne-aldehyde couplings circumvent the 
use of discrete stoichiometric vinylmetal reagents, yet these transformations are typically 
conducted under pyrophoric conditions in the presence of mass-intensive terminal 
reductants, such as borane, silane and organozinc reagents (Scheme 2.13).24 One 
challenge for reaction of this type is regioselectivity. Jamison reported the use of Ni 
catalyst to achieve regioselective vinylation,24h yet two equiv. of triethylborane (BEt3) as 
reducing agent was required, this pyrophoric reagent became a major drawback for 
application of this reaction (Scheme 2.13). 
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Scheme 2.13. Selected examples of vinylation employing mass-intensive terminal 
reductants.24h,24o 
 
  Under hydrogen mediated alkyne-carbonyl reductive couplings conditions 
that were developed in our laboratory, carbonyl vinylation was achieved atom-
economically by using hydrogen gas as the terminal reductant.25 Under ruthenium 
catalysis, 2-butyne was successfully used as the vinyl donor to achieve carbonyl 
vinylation from both aldehyde and alcohol oxidation level under the transfer 
hydrogenation conditions (Scheme 2.14).12 




2.4.2 Reaction Discovery and Optimization 
 Ruthenium catalyzed transfer hydrogenative carbonyl vinylation was first deve-
loped in our laboratory.12 2-Butyne was used as a symmetrical vinyl donor and products 
of carbonyl vinylation were furnished in good to excellent yields with >95:5 E:Z 
selectivity. To evaluate the regiocontrol of this reaction, a few nonsymmetric alkynes 
were explored as vinyl precursors under the identical reaction conditions with p-nitro-
benzyl alcohol and aldehyde as the carbonyl sources. However, the substrate scope was 
narrow and over-oxidation was problematic leading to poor yield.  
 Prior studies done by former coworkers showed that aryl substituted non-
symmetric alkynes exhibited modest reactivity in coupling to alcohols albeit poor regio-
control.26 Due to the limited methods in preparing trisubstituted allylic alcohol in a 
regioselective manner, our laboratory continued the investigation of the coupling of 
nonsymmetric alkynes and paraformaldehyde using a ruthenium catalyst system. After 
multiple stages of optimization, trisubstituted allylic alcohols as products of vinylation of 
paraformaldehyde were obtained in good yields with good regioselectivity.27 It is known 
that Ru(O2CCF3)(CO)(PPh3)2 hydrometallates alkyne albeit in the absence of regiocontrol 
(Scheme 2.15).28 A reasonable approach to continue this work was understanding the 
effects of the counterion on ruthenium and the reactivity with other aldehydes. 






 It was observed that tetrabutylammonium iodide (Bu4NI) was essential for 
inducing regioselectivity in alkyne-paraformaldehyde reductive coupling. To further 
study the reaction scope and the role of iodide in this transformation, discrete ruthenium 
complexes containing different halides, RuHX(CO)(PPh3)3 (where X=Cl, Br, I), were 
prepared using the method analogous to the preparation of the ruthenium chloride 
complex. By evaluating the outcomes of these complexes in both the presence and 
absence of an acid, we could examine the counterion effects on regio- and stereo-
selectivity (Table 2.12). When 1-phenylpropyne 2.28 was coupled to α-benzyloxy-
aldehyde 2.34 using various ruthenium complexes without any acid additives, the yields 
were poor and an isomeric product allyl-2.38a was observed (Table 2.12, entries 1-3). 
Although the ruthenium bromide complex did not influence regioselectivity, the iodide 
complex exhibited notable enhancement in regiocontrol providing 2.38a:iso-2.38a in a 
ratio of 17:1 (Table 2.12, entries 2 and 3). Despite the improvement shown in regio-
selectivity with the use of the ruthenium iodide complex, the ratio of 2.38a:allyl-2.38a 
increased comparatively with the results obtained by the bromide and chloride complexes 
(Table 2.12, entry 3). Hence, the ruthenium iodide complex alone was insufficient to 







Table 2.12. The counterion effects on regio- and stereoselectivity of the reductive 
coupling under ruthenium catalyzed transfer hydrogenation conditions.a 
 
aYields are of combined isomeric material. Regio- and stereoselectivity was determined by 1H 
NMR analysis of the crude reaction mixtures. 
 
 It is known that the reaction of RuHCl(CO)(PPh3)3 and an carboxylic acid 
(RCO2H) generates RuCl(O2R)CO(PPh3)2, elemental hydrogen and a phosphine ligand 
(Scheme 2.16).29 Additionally, prior work in our laboratory has employed 
Ru(O2CCF3)(CO)(PPh3)2 as a successful catalyst in transfer hydrogenative carbonyl 
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vinylation,12,25 prompting us to examine the use of CF3CO2H (TFA) as the acid additive to 
form ruthenium complexes of RuX(O2CCF3)(CO)(PPh3)2 (where X=Cl, Br, I). However, 
due to the minuet quantity needed to add to the reaction, C7F15CO2H was used instead for 
the ease of measurement. Therefore, C7F15CO2H was added in combination with different 
ruthenium halide complexes to test the effects on regio- and stereoselectivity (Table 
2.12). The addition of C7F15CO2H improved the overall ratio of 2.38a:allyl-2.38a in all 
cases, yet regioselectivity remained poor using ruthenium-chloride or -bromide 
complexes (Table 2.12, entries 4 and 5). When ruthenium iodide complex was employed 
with the acid additive, not only was the formation of allyl-2.38a diminished, 2.38a was 
formed in 71% isolated yield with a regioisomeric ratio of >20:1 (2.38a:iso-2.38a) (Table 
2.12, entry 6). This remarkable result suggested that the combination of iodide and 
carboxylate counterion was essential for promoting high levels of regioselectivity and 
product conversion. 
Scheme 2.16. Reaction of RuHCl(CO)(PPh3)3 and a carboxylic acid. 
 
 Attempts to prepare discrete complex RuI(O2CCF3)(CO)(PPh3)2 were not 
successful. We hypothesized that iodide would rapidly replace one of the carboxyl 
ligands via ligand exchange with Ru(O2CCF3)2(CO)(PPh3)2 (Scheme 2.17). After 
evaluating iodide sources, Bu4NI was found to be the most effective in promoting high 
levels of regioselectivity when it was employed in combination with 
Ru(O2CCF3)2(CO)(PPh3)2. This catalyst system was also found effective in ruthenium 
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catalyzed alkyne-paraformaldehyde reductive couplings. Hence, we began to evaluate the 
coupling of phenylpropyne 2.28 and α-benzyloxyaldehyde 2.34 under the identical 
aforementioned coupling conditions. Formic acid was added as the terminal reductant to 
form ruthenium hydride species that was needed to hydrometallated the alkynes. It was 
noted that 200 mol% of formic acid was necessary to achieve optimal isolated yield. 
Additionally, the reaction media concentration was also important; lower concentration 
resulted in a more selective reaction and the ratio of iso-2.38a:2.38a and allyl-
2.38a:2.38a were both enhanced. Under the conditions developed upon optimization, by 
using Ru(O2CCF3)2(CO)(PPh3)2, Bu4NI and formic acid in THF, 2.38a was furnished in 
75% isolated yield as a single regioisomer with >20:1 E:Z selectivity. The allyl-2.38a 
was not detected in 1H NMR analysis. 
Scheme 2.17. Ligand exchange between Ru(O2CCF3)2(CO)(PPh3)2, Bu4NI. 
 
 
2.4.3 Reaction Scope 
 To assess the scope of this reaction, a selection of nonsymmetric alkynes 2.28-
2.33 were coupled to α-benzyloxyaldehyde 2.34, nonanal 2.35, α-pthalimidoaldehyde 
2.36 and benzaldehyde 2.37 using the catalyst derived from the combination of 
Ru(O2CCF3)2(CO)(PPh3)2 (5 mol%) and Bu4NI (5 mol%) in the presence of formic acid 
as the terminal reductant (Table 2.13). The reactions were conducted in THF at 0.2 M 
concentration and were heated at 65 °C for 20 h.  
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 Due to some subtle structural differences of the alkynes and the aldehydes, 
general modifications such as adjusting iodide or formic acid loadings were made 
accordingly to enhance regioselectivity and suppressing the formation of undesired 
isomeric products. With the optimal conditions, phenylpropyne 2.28 was exposed to 
aldehydes 2.34-2.37 to deliver products of carbonyl vinylation 2.38a-2.41a in good yield 
with nearly exclusive formation of one single regioisomer and complete stereocontrol. 
Encouraged by these results, selected nonsymmetric substituted propynes 2.29-2.33 with 
aryl, heteroaryl and alkyl substituents were reductively coupled to different aldehydes 
under identical reaction conditions. The corresponding alcohol products were furnished 
in good yields with good to excellent regioisomeric ratio and complete stereocontrol 
(Table 2.13). It is also noted that over-oxidation of alcohol products to α,β-unsaturated 
ketones was not observed.  We reasoned that the presence of the iodide could suppress 
the over-oxidation by occupying the coordination site on ruthenium, preventing β-hydride 
elimination to proceed. It is noted that similar observation was also made in prior work in 









Table 2.13. Regio- and stereoselective reductive couplings of nonsymmetric alkynes 
2.28-2.33 and aldehydes 2.34-2.37 under ruthenium catalysis. 
 
aYields are of the isolated material. Regio- and stereoselectivity was determined through 1H NMR 
analysis of the crude reaction mixtures. bThe reaction was conducted for 16 h. cBu4NI (5 mol%) 
was employed. dThe reaction was conducted at 1.0 M concentration. eThe reaction was conducted 
at 0.5 M oconcentration. fThe reaction was conducted for 15 h. gThe reaction was conducted at 
2.0 M concentration for 24 h. hThe reaction was conducted at 45 °C for 48 h. iHCO2H (150 
mol%) was employed. 
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2.4.4 Mechanistic Studies and Proposed Reaction Mechanism 
 To gain mechanistic insight into this transformation, a series of deuterium 
labeling studies and competition experiments were conducted and results were evaluated 
via 1H and 2H NMR (Table 2.14). When phenylpropyne 2.28 was exposed to deuterio-
2.34 under standard reaction conditions, essentially complete deuterium incorporation 
(>98% 2H) at the carbinol position was observed (Table 2.14, entry 1), suggesting that 
insignificant reversible oxidation-reduction that could lead to enone formation. When 
2.28 was coupled to partially deuterated aldehyde, deuterio-2.38a (48% 2H) was 
delivered (Table 2.14, entry 2). These results eliminated the formyl C-H bond activation 
pathway. 
 Notably, when phenylpropyne reacted with deuterio-2.34 in the presence of d2-
formic acid, 21% of deuterium incorporation was found at the vinylic position whereas 
50% deuterium incorporation was resulted at the vinylic methyl group (with respect to all 
three hydrogen atoms, Table 2.14, entry 3). For the reason that d2-formic acid could 
potentially undergo rapid H-D exchange with adventitious water present in the 
environment, d2-formic acid and d1-formic acid were examined. When d1-formic acid was 
employed under standard conditions, a considerable loss in deuterium incorporation was 
observed in both the vinylic position (1% 2H) and vinylic methyl group (8% 2H). These 
results indicated that the deuterium incorporated at the vinylic position predominantly 
came from the acidic deuterium of formic acid (Table 2.14, entry 4). 
 Deuterated phenylpropyne was prepared to study the reaction mechanism further. 
Deuterio-2.28 was exposed to 2.34 under standard conditions to deliver deuterio-2.38a 
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with 56% deuterium incorporation at the vinylic methyl group (with respect all three 
hydrogen atoms, Table 2.14, entry 5). When both coupling partners were deuterated, 
deuterium was essentially retained at the carbinol position was observed as anticipated 
from the initial experiment (Table 2.14, entries 1 and 6). 53% deuterium incorporation at 
the vinylic methyl group (with respect to all three hydrogen atoms) and 3% deuterium 
incorporation at the vinylic position were also observed in deuterio-2.38a (Table 2.14, 
entry 6).  Coupling of deuterio-2.28 to 2.34 was conducted under the standard conditions 
using d1-formic acid; 4% deuterium incorporation was noted at the vinylic position and 
loss of deuterium at the vinylic methyl group was observed (60% 2H) possibly due to 
adventitious water in the media and rapid H-D exchange (Table 2.14, entry 7). When 
deuterio-2.28 reacted with 2.34 under standard conditions using d2-formic acid, loss of 
deuterium at the vinylic methyl group was suppressed resulting in 80% deuterium 
incorporation (Table 2.14, entry 8). 
 Additional experiments were performed to gain further insight into the reaction 
mechanism. The product of C-C coupling 2.38a was resubjected to standard reaction 
conditions in the presence of either d2- or d1-formic acid to test if deuterium incorporation 
would result (Scheme 2.18). Essentially complete retention of hydrogen atoms suggested 
that deuterium incorporation prior to product formation, i.e. C-C bond forming event. 
Scheme 2.18. Resubject product of vinylation 2.38a to standard reaction conditions using 





Table 2.14. Deuterium labeling studies and competitive kinetic experiments.a 
 
aThe extent of 2H incorporation was evaluated using 1H and 2H NMR. The indicated values 





 Phenylpropyne 2.28 was exposed to the standard conditions in the presence of d1-
formic acid, delivering deuterio-trans-β-methylstyrene in 70% isolated yield, where 
deuterium incorporation was found at both vinylic positions (25% 2H) while insignificant 
deuterium incorporation (4% 2H) was observed at the vinylic methyl group (Scheme 
2.19).  
Scheme 2.19. Ruthenium catalyzed hydrometallation of phenylpropyne 2.28. 
 
 The extent of deuterium incorporation at the vinylic position was greater than that 
observed in the reductive coupling reaction (Table 2.14, entry 4). This is because the 
product of the initial reduction, cis-β-methylstyrene, engages in further hydrometallation 
to generate the alkyl ruthenium intermediate, which readily undergoes β-hydride 
elimination to generate the observed trans-β-methylstyrene. Therefore, the reversible 
hyrometallation and β-hydride elimination pathways are consistent with the results 
obtained in Scheme 2.19 (Scheme 2.20). 
Scheme 2.20. Interconversion between cis-methyl styrene and trans-β-methylstyrene. 
 
 Herein, a general mechanism is proposed to account for the C-C coupling and the 
H-D exchange leading to the extent of deuterium loss observed in the aforementioned 
deuterium labeling experiments. Ruthenium iodide complex I was formed upon 
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counterion exchange between Ru(O2CCF3)2(CO)(PPh3)2 and Bu4NI; ruthenium HI 
complex II was generated upon carboxylate exchange with formic acid, followed by 
elimination of TFA and CO2 as indicated (Scheme 2.21). Previous isotopic labeling 
experimental results suggested that deuterium incorporation occurred prior to C-C bond 
formation (Scheme 2.18). Hence, ruthenium HI complex hydrometallated the partially 
deuterated alkyne III generated from the H-D exchange from deuterio-2.28 to afford 
vinylruthenium intermediate IV, which then engaged in C-C bond formation with the 
aldehyde forming ruthenium alkoxide V. TFA then mediated the protonolysis of 
ruthenium alkoxide V to deliver product of carbonyl vinylation VI and regenerated 
Ru(O2CCF3)(I)(CO)(PPh3)2. 
Scheme 2.21. Proposed catalytic mechanism for the alkyne-aldehyde coupling. 
 
 A catalytic mechanism to address the H-D exchange observed was proposed to 
account for the deuterium loss at the propargylic position of deuterio-2.28 (Table 2.14, 
entries 5 and 6), ruthenium HI complex II could undergo H-I reductive elimination to 
form ruthenium(0) complex VII (Scheme 2.22). This ruthenium complex then engaged in 
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C-D oxidative addition to the propargylic C-D bond, resulting in the formation of the 
propargylruthenium deuteride IX, which upon H-D exchange with the formic acid 
through the transition state X generated propargylruthenium hydride XI. Subsequent 
reductive elimination regenerated ruthenium(0) complex VII and deuterio-2.28 with the 
loss of  deuterium.  
Scheme 2.22. Proposed mechanism for H-D exchange at the propargylic position of 
phenylpropyne. 
 
 Additionally, due to the fact that vinylation with alkyl-substituted propyne was 
unselective, we postulated that the origin of the observed regioselectivity in this 
transformation could be a result of chelation effect. To test this hypothesis, alkyl 
substituted alkynes (2.45 and 2.47) tethered with a protected hydroxyl group were 
prepared to evaluate the chelation effects of the protecting group (Scheme 2.23). When 
the hydroxyl group was protected with a benzyl group, the corresponding allyl alcohol 
2.46 was obtained in 62% isolated yield with a regioisomeric ratio of 14:1. Conversely, 
when a weaker chelating group, such as triisopropylsilyoxy group, was used, product of 
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vinylation 2.48 was obtained in 76% isolated yield with regioisomeric ratio of 1:1. 
Although this observation was consistent with our hypothesis that chelation effect was 
crucial for the observed regioselectivity during the hydrometallation event, we cannot 
exclude other possible effects that could potentially affect the regioselectivity, such as π-
stacking effect from the aryl substituent; more studies need to be done to conclude the 
absolute origin of regioselectivity. 
Scheme 2.23. Evaluation of the chelation effect on regioselectivity. 
 
2.4.5 Summary 
 A highly regioselective and stereoselective carbonyl vinylation protocol for 
synthesis of trisubstituted allylic alcohols has been developed. Nonsymmetric alkyne-
aldehyde reductive coupling was achieved using Ru(O2CCF3)2(CO)(PPh3)2 as precatalyst 
and Bu4NI as the additive. The use of an iodide counterion has shown to be crucial for 
regiocontrol of this transformation. This combination rendered the formation of the 
proposed active catalyst, Ru(O2CCF3)(I)(CO)(PPh3)2, such that high levels of regioselec-
tivity could be achieved. Isotopic labeling experiments were performed to study the 
catalytic mechanism; the experimental data supported the reversible propargylic C-H 
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oxidative addition prior to C-C coupling, indicating that the C-C coupling products did 
not experience reversible dehydrogenation through the enone intermediates. This 
vinylation protocol offers an alternative to the existing methods that exploit the use of 





















2.5  anti-Diastereoselective Carbonyl Propargylation Employing 1,3-
Enynes30 
2.5.1 Background 
Carbonyl propargylation is another method for constructing C-C bonds. Products 
of this transformation possess alkyne functional group which provides flexibility 
especially in synthesis of complex polyketide natural products.31 Classical protocols for 
carbonyl propargylation are somewhat similar to that of carbonyl allylation mentioned 
previously in this chapter (Scheme 2.24). Stoichiometrically preformed allenylmetal 
reagents are prepared in advance to the addition to the carbonyl compounds.32 The use of 
chirally modified organometallic reagents such as allenylboron,33 indium34 and tin35 
reagents has proven effective to promote enantioselective carbonyl propargylation. 
Catalytic enantioselective propargylation to generate (α-methyl)propargyl alcohols can 
also be achieved by employing  achiral  allenyltin36 and allenylsilicon37 in combination 
with chiral Lewis acidic or Lewis basic catalysts.  
Scheme 2.24. Classical protocol for carbonyl propargylation involving stoichiometric 
allenylmetal reagents. 
 
  Stereoselective synthesis of (α-methyl)homopropargyl alcohols received far less 
attention and organometallic reagents containing tin,38 silicone39 and boron40 are typically 
used in the course of forming (α-methyl)homopropargyl alcohols. However, one 
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drawback for this transformation is that preparation for these reagents requires extensive 
syntheses and sequential use of multiple stoichiometric organometallic reagents. Recently 
developed protocols by Marshall involves the use of enantiomerically enriched propargyl 
mesylate as propargyl donor in the reductive coupling with aldehydes via transient 
allenylzinc41 or allenylindium42 intermediates, overcoming the generation of discrete 
allenylmetal species. However, the protocol still suffers from the excessive use of the 
pyrophoric reagent, ZnEt2; multiple stages of preactivation of the propargyl donor were 
required and the overall substrate scope is rather narrow (Scheme 2.25). Thus, the 
abovementioned challenges in this area prompted a new methodology that avoids the use 
of discrete formation of organometallic reagents and extreme reaction conditions. 
Scheme 2.25.  Carbonyl propargylation of chiral mesylate. 
 
2.5.2 Reaction Discovery and Optimization 
 As transfer hydrogenation has shown to offer a wide range of versatile metho-
dology development in C-C bond formations,43 our laboratory continued our studies in 
constructing C-C bonds under transfer hydrogenation conditions, particularly in carbonyl 
propargylation to address the general need for stoichiometric organometallic reagents in 
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this transformation. Prior work in our laboratory revealed that 1,3-enyne could undergo 
hydrometallation at the terminal olefin to deliver propargylmetal intermediate II, which 
upon propargylic transposition would generate the allenylmetal reagent III in situ 
(Scheme 2.26). This intermediate then engaged in C-C bond formation with an aldehyde 
to deliver product of carbonyl propargylation. 
Scheme 2.26. Classical protocol for the generation of allenylmetal intermediate in situ. 
 
 Ruthenium based and iridium based catalyst systems have shown to be able to 
catalyze the coupling of enynes and aldehydes or alcohols to give homopropargylic 
alcohols (Scheme 2.27, top).44 Iridium catalysis displayed outstanding diastero- and 
enantioselectivity in the enyne couplings from alcohol or aldehyde oxidation levels 
(Scheme 2.27, bottom). Ruthenium, however, only exhibited moderate to good product 
conversions with poor stereocontrol. Since ruthenium catalysts are in general easily 
prepared, less air and moisture sensitive and are cheaper than iridium, we would like to 
revisit this transformation under ruthenium catalysis. Success in this method development 
will provide an alternative to access products of stereoselective carbonyl propargylation. 
 Phenyl enyne 2.49a has showed to exhibit reactivity toward ruthenium catalyzed 
carbonyl propargylation albeit poor stereoselectivity. We hypothesized that by varying 
the substituent on the acetylenic terminus of 1,3-enyne, it would induce stereocontrol as a 
result of the structure-selectivity relationships displayed by each substrate. Hence, 
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various 1,3-enynes were screened in the coupling with isobutyl alcohol under the 
identical condition previously used in ruthenium catalyzed carbonyl propargylation 
(Table 2.15).   
Scheme 2.27. Prior work in carbonyl propargylation under transition metal catalysis. 
 
Phenyl enyne 2.49a was exposed to isobutanol 2.50 using RuHCl(CO)(PPh3)3 and 
DPPF as ligand to deliver product 2.51a-Ph in 56% isolated yield with 7:1 diastereomeric 
ratio (Table 2.15, entry 1). Encouraged by this initial result, a brief ligand screen 
identified DPPB as the ligand that generated the most active catalyst and 2.51a-Ph was 
obtained in 84% yield and slightly decreased diastereomeric ratio (Table 2.15, entry 2). 
When isoproproxy enyne 2.49b was exposed to isobutanol, essentially no desired 
product was obtained. However, when isoproproxy enyne was employed as the limiting 
reactant, the isolated yield improved to 40% and remarkably, one single diastereomer was 
obtained (Table 2.15, entries 3 and 4). The corresponding methyl ether was also screened 
for stereoselectivity, providing the homopropargylic alcohol 2.51c-C(Me2)OMe in 75% 
isolated yield yet diastereomeric ratio dropped to 2:1 (Table 2.15, entry 5). 
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Table 2.15. Structure-selectivity relationships screen for the ruthenium catalyzed C-C 
coupling of enynes 2.49a-2.49d to isobutyl alcohol 2.50.a 
 
aYields are of the isolated material. Diastereoselectivity was determined through 1H NMR 
analysis of the crude reaction mixtures.b2.49a or 2.49c (200 mol%), 2.50 (100 mol%). c2.49b or 
2.49d (100 mol%), 2.50 (200 mol%). 
 
  N-Tosyl substituted enyne 2.49d was also exposed to isobutanol under the 
identical conditions, poor product conversion and stereoselectivity was obtained (Table 
2.15, entry 6). These data suggest that the protecting group-free hydroxyl moiety was 
crucial for inducing anti-diastereoselectivity. Though isobutanol has shown excellent 
diastereoselectivity, product conversion remained poor after extensive optimization of 
different parameters. Hence, we attempted the reductive couplings of the enyne 2.49b 
and isobutyraldehyde 2.52b under otherwise identical conditions with different terminal 
reductants (Table 2.16).  
Initial coupling with isobutyraldehyde in the presence of formic acid (120 mol%) 
gave desired product in 2.52b 10% isolated yield in one single diastereomer (Table 2.16, 
entry 1). Loadings of formic acid and isopropanol were screened to search for an optimal 
condition for the reductive coupling. 
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Table 2.16. Screening for reductant for reductive coupling of enyne 2.49b and aldehyde 
2.52b.  
 
aYields are of the isolated material. Diastereoselectivity was determined through 1H NMR 
analysis of the crude reaction mixtures.b2.49b (100 mol%), 2.52b (300 mol%). c2.49b (200 
mol%), 2.52b (100 mol%). 
 
 Finally, increasing the loading of isopropanol led to an improvement in isolated 
yields (Table 2.16, entries 6-8). When aldehyde 2.52b was employed as the limiting 
reactant in the presence of five equivalents of isopropanol as the terminal reductant with 
extended reaction period (48 h), 73% isolated yield of 2.51b was furnished with complete 
diastereocontrol (Table 2.16, entry 9). 
2.5.3 Reaction Scope 
 By employing RuHCl(CO)(PPh3)3 as precatalyst and DPPB as ligand, isoproproxy 
substituted enyne 2.49b was coupled to a range of alkyl aldehydes to deliver homopro-
pargylic alcohols 2.51a-2.51l in good yields with modest to complete anti-diastereo-




Table 2.17. Ruthenium catalyzed anti-diastereoselective carbonyl propargylation. 
 
aYields are of the isolated material. Diastereoselectivity was determined through 1H NMR 
analysis of the crude reaction mixtures. bi-PrOH (400 mol%). ci-PrOH (500 mol%). di-PrOH (700 
mol%). ei-PrOH (1000 mol%). f2.49b (100 mol%), 2.52d (300 mol%), g100 °C. h24 h. 
iRuHCl(CO)(PPh3)3 (7 mol%), DPPB (7 mol%). 
 
 Overall, aldehydes with branching at α-position, 2.49b, 2.49e-f, 2.49h-i and β-
position 2.49d, were converted to the corresponding homopropargyl alcohols in modest 
to good yields with excellent anti-diastereoselectivity. Such observation suggested that 
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the anti-diastereoselectivity was enhanced as the steric demand of the aldehyde proximal 
to the carbonyl moiety increased, such as α-branched 2.49f, 2.49h-i. α,β-Unsaturated 
aldehydes 2.49j-l also underwent carbonyl propargylation; these reactions were high 
yielding yet stereoselectivities were only moderate. Propargylation of aryl aldehydes 
were completely unselective though the reactions were high yielding. 
It is known that terminal alkynes react with ruthenium complex to generate 
vinylidene that potentially terminates the reaction.45 Hence, one advantage of employing 
isoproproxy substituted enyne as propargyl donor is the diversification of the product. 
The isoproproxy moiety can be removed with NaOH upon reflexing in toluene to deliver 
the corresponding alkynes in good yields (Scheme 2.28).  
Scheme 2.28. Synthesis of terminal alkynes via deprotection of homopropargylic 
alcohols. 
 
aYields are of material isolated by silica gel chromatography. 
2.5.4 Proposed Reaction Mechanism 
 A catalytic mechanism for the anti-diastereoselective propargylation was 
postulated based on the isotopic labeling studies (Scheme 2.29). Isopropoxy substituted 
enyne 2.49b reacted with cyclohexane carboxaldehyde 2.52f under the identical reaction 
conditions using d8-isopropanol as the terminal reductant.  Deuterio-2.52f was obtained 
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with 21% deuterium incorporation at the methine hydrogen atom as indicated and 31% of 
deuterium incorporation at the α-methyl group (with respect to one hydrogen atom) 
(Scheme 2.29). The isotopic data suggest that enyne hydrometallation is reversible and 
unselective; in other words, the vinyl moiety of the enyne hydrometallated at both the 
internal and terminal positions. Reversible hydrometallation prior to carbonyl addition 
also implied that C-C bond forming event was sluggish, which might account for the 
lower conversions albeit essentially identical selectivities observed in the reaction 
conducted from the alcohol oxidation level. The orientation of the allenylruthenium 
complex V and its arrangement with the aldehyde prior to carbonyl addition represent a 
stereochemical model that accounts for the observed anti-diastereoselectivity.  






 Ruthenium catalyzed anti-diastereoselective carbonyl propargylation under 
transfer hydrogenation conditions circumvents the challenge of using preformed organo-
metallic reagents. A series of alkyl aldehydes 2.48a-2.48l were examined for this reaction 
and isopropanol was employed as the terminal reductant. This method avoids stoichio-
metric generation of metallic wastes and the use of pyrophoric reductants such as ZnEt2. 
Although the scope of this reaction is still under study due to the lack of selectivities 
observed in the aryl aldehydes, steric demand adjacent to the carbonyl moiety was found 
to be crucial for the observed anti-diastereoselectivity. Isopropoxy substituted enyne was 
used as the propargyl donor for this transformation. Its isopropoxy moiety can be readily 
removed in the presence of a strong base, rendering a greater degree of diversity to the 
resulting propargylation. Not only does this approach provide an access to a variety of (α-
methyl)homopropargylic alcohols, the products formed are en route to terminal alkynes, 











2.6 Experimental Section 
2.6.1 Experimental Details for Section 2.2 
General Experimental Details All reactions were run under an atmosphere of argon, 
unless otherwise indicated. Anhydrous solvents were transferred via oven-dried syringe. 
Reaction tubes were oven-dried and cooled under a stream of argon. Reactions tubes 
were purchased from Fischer Scientific (catalog number 14-959-35C). Tetrahydrofuran 
was obtained from solvent delivery system (Innovative Technology Inc. Ps-MD-5). 2-
Methyl tetrahydrofuran was purified by distillation from calcium hydride and was stored 
over molecular sieves. Ru(O2CCF3)2(CO)(PPh3)2 was prepared in accordance with 
literature procedure.1 Anhydrous isopropanol (99.5% over molecular sieves) was used as 
received from Acros. Commercially available alcohols and alkynes were used as rece-
ived. Analytical thin-layer chromatography (TLC) was carried out using 0.2-mm 
commercial silica gel plates (DC-Fertigplatten Kieselgel 60 F254) and products were 
visualized by UV, KMnO4, vanillin and/or anisaldehyde stain. Preparative column 
chromatography employing silica gel was performed according to the method of Still.2 
Solvents for chromatography are listed as volume/volume ratios. Infrared spectra were 
recorded on a Perkin-Elmer 1600 spectrometer. High-resolution mass spectra (HRMS) 
were obtained on a Karatos MS9 and are reported as m/z (relative intensity). Accurate 
masses are reported for the molecular ion [M+H]+ or a suitable fragment ion. Melting 
points were obtained on a Thomas-Hoover Unimelt apparatus and are uncorrected. Proton 
nuclear magnetic resonance (1H NMR) spectra were recorded with a Varian Gemini (400 
                                                          
1 Dobson, A.; Robinson, S. D.; Uttley, M. F. J. Chem. Soc., Dalton Trans. 1975, 370.  
2 Still, W.C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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MHz) spectrometer. Chemical shifts are reported in delta (δ) units, parts per million 
(ppm) downfield from tetramethylsilane or ppm relative to the center of the singlet at 
7.26 ppm for deuteriochloroform. Coupling constants are reported in Hertz (Hz). Carbon-
13 nuclear magnetic resonance (13C NMR) spectra were recorded with a Varian Gemini 
300 (75 MHz) or 400 (100 MHz) spectrometer. Chemical shifts are reported in delta (δ) 
units, Chemical shifts are reported in delta (δ) units, parts per million (ppm) relative to 
the center of the triplet at 77.0 ppm for deuteriochloroform. 13C NMR spectra were 

















General Procedure A for the coupling of 2-butyne to alcohols 
To a pressure tube equipped with magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 
(13.2 mg, 0.015 mmol, 5 mol%). At this stage, solid alcohol substrates (0.300 mmol, 100 
mol%) were added. The tube was then sealed with a rubber septum, purged with argon 
and THF (1.5 mL, 0.20 M concentration with respect to alcohol) was added. At this stage, 
liquid alcohol coupling partners (0.300 mmol, 100 mol%) were added. The reaction 
vessel was cooled to -78 °C. 2-Butyne (35 μL, 0.450 mmol, 150 mol%) was added and 
the rubber septum was quickly replaced with a screw cap. The reaction vessel was 
allowed to reach room temperature and the reaction was heated to the specified tempera-
ture and for the indicated time. The reaction mixture was concentrated in vacuo and 
purified by flash column chromatography (SiO2) under the conditions noted to furnish 
α,β-unsaturated ketones. 
General Procedure B for the coupling of 2-butyne to aldehydes 
To a pressure tube equipped with magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 
(13.2 mg, 0.015 mmol, 5 mol%). At this stage, solid aldehyde substrates (0.300 mmol, 
100 mol%) were added. The tube was then sealed with a rubber septum, purged with 
argon and THF (1.5 mL, 0.20 M concentration with respect to aldehyde) and 2-propanol 
(36 μL, 0.300 mmol, 100mol%) were added. At this stage, liquid aldehyde coupling 
partners (0.300 mmol, 100 mol%) were added. The reaction vessel was cooled to -78 °C. 
2-Butyne (35 μL, 0.450 mmol, 150 mol%) was added and the rubber septum was quickly 
replaced with a screw cap. The reaction vessel was allowed to reach room temperature 
and the reaction was heated to the specified temperature and for the indicated time. The 
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reaction mixture was concentrated in vacuo and purified by flash column chromato-











































 (E)-2-Methyl-1-(4-nitrophenyl)but-2-ene-1-one (2.3a) 
 
Procedure A (via alcohol 2.2a): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 1:9 
EtOAc/ hexanes) to furnish the title compound (54 mg) as a light brown oil in 88% yield.  
Procedure B (via aldehyde 2.4a): After heating the reaction at 110 °C for 30 h, the 
mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 
1:9 EtOAc/ hexanes) to furnish the title compound (52.5 mg) as a light brown oil in 85% 
yield. 
 
1H NMR (400 MHz, CDCl3): δ 8.27 (d, J = 8.7 Hz, 2H), 7.72 (d, J = 8.7 Hz, 2H), 6.41 
(q, J = 6.8 Hz, 1H), 1.99 (s, 3H), 1.93 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 196.7, 149.0, 144.6, 144.2, 137.7, 129.7, 123.2, 15.0, 
11.7. 
HRMS (CI) Calcd. for C11H12NO3 [M+H]+: 208.0809, Found: 208.0811. 


















Procedure A (via alcohol 2.2b): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
ether/pentane) to furnish the title compound (39 mg) as a clear oil in 79% yield.  
Procedure B (via aldehyde 2.4b): In modification to procedure B, 2-methyltetrafuran 
was used as solvent. After heating the reaction at 110 °C for 30 h, the mixture was con-
centrated in vacuo and purified by flash column chromatography (SiO2, 5:95 ether/ 
pentane) to furnish the title compound (45 mg) as a clear oil in 85% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.3 Hz, 2H), 7.49 (dt, J = 8.3, 1.2 Hz, 2H), 
7.40 (dt, J = 8.3, 1.2 Hz, 2H), 6.40 (q, J = 6.8 Hz, 1H), 1.97 (s, 3H), 1.88 (d, J = 6.8 Hz, 
3H). 
13C NMR (100 MHz, CDCl3): δ 198.9, 141.5, 138.8, 137.6, 131.2, 129.1, 14.7, 12.1. 
HRMS (CI) Calcd. for C11H13O [M+H]+: 161.0965, Found: 161.0966. 




















Procedure A (via alcohol 2.2c): After heating the reaction at 130 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
EtOAc/hexanes) to furnish the title compound (40.5 mg) as a clear oil in 71% yield.  
Procedure B (via aldehyde 2.4c): In modification to procedure B, 2-methyltetrafuran 
was used as solvent. After heating the reaction at 110 °C for 30 h, the mixture was con-
centrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
EtOAc/hexanes) to furnish the title compound (48 mg) as a clear oil in 84% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.33-7.27 (m, 1H), 7.18-7.14 (m, 2H), 7.03 (ddd, J = 8.4, 
2.6, 0.8 Hz, 1H), 6.43 (q, J = 6.8 Hz, 1H), 3.83 (s, 3H), 1.96 (s, 3H), 1.87 (d, J = 6.8 Hz, 
3H). 
13C NMR (100 MHz, CDCl3): δ 198.6, 159.2, 141.5, 140.1, 137.5, 128.9, 121.7, 117.3, 
113.9, 55.3, 14.7, 12.1. 
HRMS (CI) Calcd. for C11H15O2 [M+H]+: 191.1072, Found: 191.1074. 















 (E)-2-Methyl-1-(4-bromophenyl)but-2-en-1-one (2.3d) 
 
Procedure A (via alcohol 2.2d): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
EtOAc/hexanes) to furnish the title compound (64 mg) as a pale yellow oil in 90% yield.  
Procedure B (via aldehyde 2.4d): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
EtOAc/hexanes) to furnish the title compound (60 mg) as a pale yellow oil in 84% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.55 (dd, J = 8.5, 2.1 Hz, 2H), 7.49 (dd, J = 8.5, 2.1 Hz, 
2H), 6.38 (q, J = 6.8 Hz, 1H), 1. 96 (s, 3H), 1.88 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 197.5, 141.6, 137.4 (two carbons), 131.2, 130.7, 125.9, 
14.7, 12.0. 
HRMS (CI) Calcd. for C11H11BrO [M+H]+: 239.0066, Found: 239.0066. 
















Procedure A (via alcohol 2.2e): After heating the reaction at 110 °C for 30 h, the 
mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 
0:100 to 5:95 EtOAc/hexanes) to furnish the title compound (59.4 mg) as a colorless 
crystalline solid in 91% yield.  
Procedure B (via aldehyde 2.4e): After heating the reaction at 110 °C for 40 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 
0:100 to 5:95 EtOAc/hexanes) to furnish the title compound (49.5 mg) as a colorless 
crystalline solid in 76% yield. 
 
1H NMR (400 MHz, CDCl3): δ 8.08 (d, J = 8.5 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 6.41 
(q, J = 7.3 Hz, 1H), 3.95 (s, 3H), 1. 97 (s, 3H), 1.90 (d, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 198.0, 166.3, 143.0, 142.8, 137.6, 132.0, 129.2, 128.8, 
52.3, 14.9, 11.8. 
HRMS (CI) Calcd. for C13H15O3 [M+H]+: 219.1021, Found: 219.1024. 













Procedure A (via alcohol 2.2f): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
ether/pentane) to furnish the title compound (57 mg) as a pale yellow oil in 80% yield.  
Procedure B (via aldehyde 2.4f): In modification to procedure B, 2-methyltetrafuran 
was used as solvent. After heating the reaction at 110 °C for 40 h, the mixture was con-
centrated in vacuo and purified by flash column chromatography (SiO2, 5:95 ether/ 
pentane) to furnish the title compound (57 mg) as a pale yellow oil in 80% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.20 (s, 1H), 7.12 (s, 2H), 6.39 (q, J = 6.8 Hz, 1H), 3.41 
(s, 6H), 1. 95 (s, 3H), 1.87 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 199.2, 141.1, 138.9, 137.7, 137.5, 132.7, 126.9, 21.2, 
14.7, 12.1. 
HRMS (CI) Calcd. for C13H17O [M+H]+: 188.1279, Found: 188.1281. 














Procedure A (via alcohol 2.2g): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
EtOAc/hexanes) to furnish the title compound (56 mg) as a colorless oil in 82% yield.  
Procedure B (via aldehyde 2.4g): After heating the reaction at 130 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
EtOAc/hexanes) to furnish the title compound (55 mg) as a colorless oil in 80% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.68 (s, 4H), 6.40 (q, J = 7.2 Hz, 1H), 1.98 (s, 3H), 1.91 
(d, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 197.5, 143.2, 142.2, 137.7, 132.5, 129.2, 125.0, 122.3, 
14.9, 11.8. 
HRMS (CI) Calcd. for C12H11F3O [M+H]+: 229.0840, Found: 229.0838. 















Procedure A (via alcohol 2.2h): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
ether/pentane) to furnish the title compound (39 mg) as a pale yellow oil in 81% yield.  
Procedure B (via aldehyde 2.4h): In modification to procedure B, the reaction was con-
ducted in 2-methyltetrahydrofuran, with 10 mol % catalyst loading. After heating the 
reaction at 110 °C for 30 h, the mixture was concentrated in vacuo and purified by flash 
column chromatography (SiO2, 5:95 ether/pentane) to furnish the title compound (39 mg) 
as a pale yellow oil in 81% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.36-7.18 (m, 5H), 6.87 (q, J = 6.8 Hz, 1H), 3.97 (s, 2H), 
1.86 (d, J = 6.8 Hz, 3H), 1.78 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 199.1, 138.7, 137.9, 135.5, 129.2, 128.5, 126.5, 44.1, 
14.9, 11.1. 
HRMS (CI) Calcd. for C12H15O [M+H]+: 175.1123, Found: 175.1124. 















Procedure A (via alcohol 2.2i): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
ether/pentane) to furnish the title compound (44 mg) as a clear oil in 70% yield.  
Procedure B (via aldehyde 2.4i): After heating the reaction at 110 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 5:95 
ether/pentane) to furnish the title compound (43 mg) as a clear oil in 69% yield. 
 
1H NMR (400 MHz, CDCl3): δ 6.73 (q, J = 6.8 Hz, 1H), 2.63 (t, J = 7.3 Hz, 2H), 1.85 (d, 
J = 6.8 Hz, 3H), 1.77 (s, 3H), 1.62-1.55 (m, 2H), 1.27 (s, 10H), 0.88 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 202.1, 138.3, 136.8, 37.2, 31.8, 29.4 (two carbons), 29.2, 
25.0, 22.6, 14.7, 14.1, 11.0. 
HRMS (CI) Calcd. for C13H25O [M+H]+: 197.1905, Found: 197.1904. 















(E)-2-(4-Methyl-3-oxohex-4-enyl)-isoindole-1,3-dione (2.3j)  
 
Procedure A (via alcohol 2.2j): After heating the reaction at 110 °C for 40 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 1:9 
EtOAc/hexanes) to furnish the title compound (76.8 mg) as a colorless crystalline solid in 
99% yield.  
Procedure B (via aldehyde 2.4j): After heating the reaction at 130 °C for 30 h, the mix-
ture was concentrated in vacuo and purified by flash column chromatography (SiO2, 1:9 
EtOAc/hexanes) to furnish the title compound (51.2 mg) as a colorless crystalline solid in 
66% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.84 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 (dd, J = 5.5, 3.1 Hz, 
2H), 6.74 (q, J = 6.8 Hz, 1H), 4.00 (t, J = 7.5 Hz, 2H), 3.10 (t, J = 7.5 Hz, 2H), 1.84 (d, J 
= 6.8 Hz, 3H), 1.77 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 198.6, 168.1, 138.1, 133.9, 132.0, 123.2, 35.4, 34.0, 
14.8, 10.8 (only 10 signals were observed). 
HRMS (CI) Calcd. for C15H16NO3 [M+H]+: 258.1130, Found: 258.1130. 








2.6.2 Experimental Details for Section 2.3 
General Experimental Details All reactions were run under an atmosphere of nitrogen, unless 
otherwise indicated. Anhydrous solvents were transferred via oven-dried syringe. Reaction tubes 
were oven-dried and cooled under a stream of nitrogen. Reactions tubes were purchased from 
Fischer Scientific (catalog number 14-959-35C). Tetrahydrofuran was obtained from solvent 
delivery system (Innovative Technology Inc. Ps-MD-5). RuHCl(CO)(PPh3)3 was prepared 
according to literature procedure.3 RuH2(CO)(PPh3)3 was prepared according to literature 
procedure.4 Allene 2.10 was prepared according to literature procedure.5 All ligands were used 
as received from Strem Chemicals Inc. Alcohols were purified by distillation or recrystallization 
immediately prior to use. Analytical thin-layer chromatography (TLC) was carried out using 0.2-
mm commercial silica gel plates (DC-Fertigplatten Kieselgel 60 F254). Preparative column 
chromatography employing silica gel was performed according to the method of Still.6
 
Infrared 
spectra were recorded on a Perkin-Elmer 1600 spectrometer. High-resolution mass spectra 
(HRMS) were obtained on a Karatos MS9 and are reported as m/z (relative intensity). Accurate 
masses are reported for the molecular ion [M+H]+ or a suitable fragment ion. Melting points were 
obtained on a Thomas-Hoover Unimelt apparatus and are uncorrected. Proton nuclear magnetic 
resonance (1H NMR) spectra were recorded with a Varian Gemini (400 MHz or 300MHz) 
spectrometer. Chemical shifts are reported in delta (δ) units, parts per million (ppm) downfield 
from tetramethylsilane or ppm relative to the center of the singlet at 7.26 ppm for 
deuteriochloroform. Coupling constants are reported in Hertz (Hz). Carbon-13 nuclear magnetic 
resonance (13C NMR) spectra were recorded with a Varian Gemini 300 (75 MHz) or 400 (100 
                                                          
3 Joseph, T., et al., J. Mol. Catal. A 2003, 206, 13.   
4 Owston, N. A., Parker, A. J. and Williams, J. M. J., Org. Lett. 2007, 9, 3599. 
5 Ngai, M. Y., Skucas, E., Krische, M. J. Org. Lett. 2008, 10, 2705. 
6 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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MHz) spectrometer. Chemical shifts are reported in delta (δ) units, ppm relative to the center of 



















Experimental Procedures and Spectroscopic Data for Preparation for Allene 2.8
 
Dimethyl-t-butylsilyl Protection:7 
To the solution of commercially available 2-butyne-1,4-diol in CH2Cl2 (0.30 M) was 
added chloro-tri-t-butyl-dimethylsilane (100 mol%) and Et3N (200 mol%). The reaction 
mixture was stirred at ambient temperature for 4 hours, and then followed by an aqueous 
work up with H2O. The organic phase was washed with brine, dried over MgSO4, and 
then filtered. The filtrate was concentrated in vacuo. The crude oil residue was purified 
by flash column chromatography (SiO2, 30% Et2O/hexanes) to give compound 1 as a pale 
yellow oil.  
p-Toluenesulfonyl Protection:8 
To a stirred solution of compound 1 in dry Et2O (0.2 M) was added p-toluenesulfonyl 
chloride (110 mol%), the solution mixture was cooled to 0 °C. Crushed KOH (1000 
mol%) was added in small portions to the stirring solution at 0 °C. Upon addition com-
pletion, the ice bath was removed and the reaction mixture was allowed to warm to 
                                                          
7 (a) Garcia, P.; Moulin, S.; Miclo, Y.; Leboeuf, D.; Gandon, V.; Aubert, C.; Malacria, M. Chem. Eur. J. 
2009, 15, 2129. 
8 Bonini, C.; Chiummiento, L.; Videtta, V. Synlett 2005, 3067. 
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ambient temperature and was allowed to stir for an hour, at which point the reaction 
mixture was cooled to 0 °C and was quenched with water. The solution mixture was 
transferred to a separatory funnel. The organic phase was washed with saturated NH4Cl 
solution and brine, and then dried over MgSO4 and filtered. The filtrate was concentrated 
in vacuo and the crude oil residue was purified by flash column chromatography (SiO2, 
15% Et2O/hexanes) to afford compound 2 as a pale yellow oil. 
Allene preparation: 
An over-dried round bottom flask was cooled under argon gas. To the flask was added 
CuCN (300 mol%), LiCl (600 mol%) and dry THF (0.1 M). To the stirring solution was 
added MeMgBr (300 mol%) dropwise under argon at ambient temperature. Upon 
addition completion, the solution mixture continued to stir for 30 min, at which point it 
was cooled to 0 °C. To the cooled stirring solution was added a solution of compound 2 
in THF dropwise over an hour. The ice bath was removed and the reaction mixture was 
allowed to slowly warm to ambient temperature. Upon reaction completion, the mixture 
was cooled to 0 °C, at which point H2O was added. The mixture was transferred to a 
separatory funnel. Et2O was added to the separatory funnel and organic phase was 
separated. The organic phase was washed with H2O and brine, then dried over MgSO4 
and filtered. The filtrate was concentrated in vacuo and the crude oil residue was purified 
by flash column chromatography (SiO2, 10% Et2O/hexanes) to afford compound 3 as a 
pale yellow oil. Spectra data is consistent with the reported data in the literature.9 
p-Toluenesulfonyl Deprotection: 
                                                          
9 Kim, I. S.; Krische, M. J. Org. Lett. 2008, 10, 513. 
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To a stirred solution of compound 3 in Et2O was added TBAF solution (1 M in THF, 200 
mol%). The reaction mixture was allowed to stir at ambient temperature for an hour, at 
which point H2O was added. The mixture was transferred to a separatory funnel. Aqueous 
phase was extracted with Et2O and the organic phase was washed with brine. The 
combined organic layers were dried over MgSO4, filtered, and the filtrate volume was 
reduced. The crude mixture 4 was used in the next step without further purification. 
Preparation of allene 2.8 via Mitsunobu Reaction: 
To the stirred solution of the crude allenyl alcohol 4 in dry THF (0.1 M) was added 
triphenylphosphine (200 mol%) under argon at ambient temperature. The solution 
mixture was cooled to 0 °C, at which point DIPEA (220 mol%) and phthalimide (200 
mol%) was added subsequently. To the solution mixture was then added DIAD (200 
mol%) dropwise over an hour. Upon addition completion, the reaction mixture was 
allowed to stir for an hour, slowly warming to ambient temperature. Upon reaction 
completion, H2O was added to the reaction mixture. The mixture was then transferred to 
a separatory funnel. Et2O was added to the separatory funnel and organic phase was 
separated. The organic phase was washed with H2O and brine, then dried over MgSO4 
and filtered. The filtrate was concentrated in vacuo and the crude was purified by flash 
column chromatography (SiO2, 10% EtOAc/hexanes) to afford allene 2.8 as a white 
crystalline solid. 
 
1H NMR (400 MHz, CDCl3): δ 7.87-7.85 (m, 2H), 7.72-7.71 (m, 2H), 4.68-4.64 (m, 2H), 
4.20 (t, J = 3.6 Hz, 2H), 1.75 (t, J = 3.6 Hz, 2H).  
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13C NMR (100 MHz, CDCl3): δ 205.3, 167.9, 133.9, 132.1, 123.3, 95.2, 77.4, 40.1, 16.2. 
HRMS (CI) Calcd. for C13H11NO2 [M+H]+: 214.0868, Found: 214.0867. 
FTIR (neat): 3453, 3052, 2985, 2910, 2865, 1961, 1757, 1708, 1388, 1314, 1130, 943, 
885, 707 cm-1.  


















Experimental Procedures and Spectroscopic Data for Preparation for Allene 2.9 
 
An oven-dried round bottom flask was cooled under argon gas. To the flask was added 
CuCN (0.454g, 5.1 mmol, 300 mol%), LiCl (0.439, 10.2 mmol, 600 mol%) and dry THF 
(0.1 M with respect to substrate). To the stirring solution was added 3M MeMgBr in THF 
(1.7ml, 5.1mmol, 300 mol%) under argon at ambient temperature dropwise. Upon 
addition completion, the solution mixture continued to stir for 30 min, at which point it 
was cooled to 0 °C. To the cooled stirring solution was added substrate (0.600g, 1.7 
mmol, 100 mol%) over 15 min. The ice bath was removed and the reaction mixture was 
allowed to slowly warm to ambient temperature. Upon reaction completion by TLC 
analysis, the mixture was cooled to 0 °C, at which point H2O was added. The mixture was 
transferred to a separatory funnel. Et2O was added to the separatory funnel and organic 
phase was separated. The organic phase was washed with H2O and brine, then dried over 
MgSO4 and filtered. The filtrate was concentrated in vacuo and the crude oil residue was 
purified by flash column chromatography (SiO2, 0-10% EtOAc/hexanes) to afford .300g 
of compound 2.9 as a colorless oil in 94% yield. 
 
1H NMR (400 MHz, CDCl3): δ 7.29 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.4 Hz, 2H), 




13C NMR (100 MHz, CDCl3): δ 207.1, 159.2, 130.2, 129.5, 113.8, 95.8, 74.4, 71.5, 71.1, 
55.2, 15.7. 
HRMS (CI) Calcd. for C13H16O2 (M-H): 203.1146, Found: 203.1072. 
FTIR (neat): 2908, 2835, 1959, 1611, 1585, 1512, 1463, 1441, 1369, 1350, 1301, 1245, 



























To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuHCl(CO)(PPh3)3 (9.54 mg, 0.01 mmol, 5 mol%) and cyclohexyl diphenylphosphine 
(8.05 mg, 0.03 mmol, 15 mol%) and alcohol 2.11a (30.6 mg, 0.20 mmol, 100 mol%). 
The tube was then sealed with a rubber septum and purged with nitrogen. Allene 2.8 
(85.3 mg, 0.40 mmol, 200 mol%) and THF (0.40 mL, 0.5 M concentration with respect to 
alcohol) was added and the rubber septum was quickly replaced with a screw cap. The 
reaction was heated at 95 °C (oil bath temperature) for 24 hrs. The reaction mixture was 
then concentrated in vacuo and purified by flash column chromatography (SiO2, 15 % 
EtOAc/hexanes) to furnish the title compound (60.8 mg) as a white crystalline solid in 
83% yield as a 10:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 8.12-8.08 (m, 2H), 7.94-7.89 (m, 2H), 7.82-7.78 (m, 2H), 
6.20 (dd, J = 17.6, 11.4 Hz, 1H), 5.21 (dd, J = 11.4, 0.8 Hz, 1H), 4.93 (dd, J = 17.6, 0.8 
Hz, 1H), 4.61 (d, J = 4.8 Hz, 1H), 4.48 (d, J = 4.8 Hz, 1H), 4.06 (d, J = 14.2 Hz, 1H), 
3.69 (d, J = 14.2 Hz, 1H), 0.90 (s, 3H).  
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13C NMR (100 MHz, CDCl3): δ 169.5, 147.0, 146.8, 137.4, 134.2, 131.3, 128.5, 123.4, 
122.1, 116.9, 75.8, 47.2, 44.4, 18.8.   
HRMS (CI) Calcd. for C20H18N2O5 [M+H]+: 367.1294, Found: 367.1288. 
FTIR (neat): 3448, 3074, 2985, 2932, 2349, 1779, 1699, 1512, 1397, 1339, 729 cm-1.  















To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and cyclohexyl diphenylphosphine (8.1 
mg, 0.03 mmol, 15 mol%) and alcohol 2.11b (27.4 µL, 0.20 mmol, 100 mol%). The tube 
was then sealed with a rubber septum and purged with nitrogen. Allene 2.8 (85.3 mg, 
0.40 mmol, 200 mol%) and THF (0.40 mL, 0.5 M concentration with respect to alcohol) 
was added and the rubber septum was quickly replaced with a screw cap. The reaction 
was heated at 95 °C (oil bath temperature) for 24 hrs. The reaction mixture was then con-
centrated in vacuo and purified by flash column chromatography (SiO2, 15 % 
EtOAc/hexanes) to furnish the title compound (50.6 mg) as a colorless oil in 65% yield as 
a 14:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.93-7.88 (m, 2H), 7.81-7.76 (m, 2H), 7.51 (d, J = 8.0 
Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 6.22 (dd, J = 17.6, 10.8 Hz, 1H), 5.22 (dd, J = 10.8, 0.8 
Hz, 1H), 4.95 (dd, J = 17.6, 0.8 Hz, 1H), 4.45 (d, J = 4.8 Hz, 1H), 4.39 (d, J = 17.8 Hz, 
1H), 4.03 (d, J = 15.0 Hz, 1H), 3.71 (d, J = 15.0 Hz, 1H), 0.89 (s, 3H).  
13C NMR (100 MHz, CDCl3): δ 169.4, 143.5, 137.9, 134.1, 131.4, 128.0, 127.7 (q, J = 
284 Hz), 123.9, 123.4, 116.6, 76.2, 47.2, 44.4, 18.8. 
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HRMS (CI) Calcd. for C21H18F3NO3 [M+H]+: 390.1314, Found: 390.1317. 
FTIR (neat): 3457, 3074, 2977, 2932, 1779, 1699, 1397, 1326, 1161, 1121, 1063, 907, 


























To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and 1,1´-bis(dicyclohexylphosphino) 
ferrocene (5.8 mg, 0.01 mmol, 5 mol%) and alcohol 2.11c (20.7 µL, 0.20 mmol, 100 
mol%). The tube was then sealed with a rubber septum and purged with nitrogen. Allene 
2.8 (85.3 mg, 0.40 mmol, 200 mol%) and THF (0.40 mL, 0.5 M concentration with 
respect to alcohol) was added and the rubber septum was quickly replaced with a screw 
cap. The reaction was heated at 75 °C (oil bath temperature) for 48 hrs. The reaction 
mixture was then concentrated in vacuo and purified by flash column chromatography 
(SiO2, 10% EtOAc/hexanes) to furnish the title compound (63.6 mg) as a white crystalline 
solid in 99% yield as a 8:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.91-7.87 (m, 2H), 7.79-7.74 (m, 2H), 7.27-7.24 (m, 5H), 
6.264 (dd, J = 18.0, 10.8 Hz, 1H), 5.21 (dd, J = 10.8, 1.2 Hz, 1H), 4.95 (dd, J = 18.0, 1.2 
Hz, 1H), 4.44 (d, J = 4.8 Hz, 1H), 4.05-3.95 (m, 2H), 3.79-3.73 (m, 1H), 0.91 (s, 3H).  
13C NMR (100 MHz, CDCl3): δ 169.6, 139.8, 139.1, 134.3, 131.8, 127.9, 127.4, 127.3, 
123.5, 116.3, 77.2, 47.6, 44.9, 18.9.  
HRMS (CI) Calcd. for C20H20NO3 [M+H]+: 322.1442, Found: 344.1443.  
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FTIR (neat): 3474, 3070, 2977, 2883, 1770, 1699, 1383, 1334, 925, 720 cm-1.  


















To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1´-bis(di-i-propylphosphino)ferrocene 
(4.2 mg, 0.01 mmol, 5 mol%), Camphor-10-Sulfonic Acid β (2.4 mg, 0.01 mmol, 5 
mol%) and alcohol 2.11d (17.4 µL, 0.20 mmol, 100 mol%). The tube was then sealed 
with a rubber septum and purged with nitrogen. Allene 2.8 (85.3 mg, 0.40 mmol, 200 
mol%) and THF (0.20 mL, 1.0 M concentration with respect to alcohol) was added and 
the rubber septum was quickly replaced with a screw cap. The reaction was heated at 85 
°C (oil bath temperature) for 24 hrs. The reaction mixture was then concentrated in vacuo 
and purified by flash column chromatography (SiO2, 10% EtOAc/hexanes) to furnish the 
title compound (52.3 mg) as a colorless oil in 84% yield as a 7:1 mixture of 
diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.90-7.84 (m, 2H), 7.78-7.72 (m, 2H), 7.3 (dd, J = 2.0, 
0.8 Hz, 1H), 6.31-6.24 (m, 3H), 5.25 (dd, J = 10.8, 1.2 Hz, 1H), 5.13 (dd, J = 17.6, 1.2 
Hz, 1H), 4.48 (d, J = 5.6 Hz, 1H), 4.06 (d, J = 5.6 Hz, 1H), 3.95 (d, J = 14.4 Hz, 1H), 
3.72 (d, J = 14.4 Hz, 1H), 0.98 (s, 3H).  
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13C NMR (100 MHz, CDCl3): δ 169.6, 153.8, 141.4, 139.3, 134.3, 131.7, 123.6, 116.1, 
110.1, 107.7, 71.5, 47.3, 44.5, 18.6. 
HRMS (CI) Calcd. for C18H18NO4 [M+H]+: 312.1236, Found: 312.1234. 














To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and 1,1´-bis(dicyclohexylphosphino) 
ferrocene (5.8 mg, 0.01 mmol, 5 mol%) and alcohol 2.11e (25.8 µL, 0.20 mmol, 100 
mol%). The tube was then sealed with a rubber septum and purged with nitrogen. Allene 
2.8 (85.3 mg, 0.40 mmol, 200 mol%) and THF (2.0 mL, 0.1 M concentration with respect 
to alcohol) was added and the rubber septum was quickly replaced with a screw cap. The 
reaction was heated at 85 °C (oil bath temperature) for 48 hrs. The reaction mixture was 
then concentrated in vacuo and purified by flash column chromatography (SiO2, 10% 
EtOAc/hexanes) to furnish the title compound (68.8 mg) as a colorless oil in 99% yield as 
a 5:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.86-7.81 (m, 2H), 7.74-7.69 (m, 2H), 7.31-7.72 (m, 5H), 
6.52 (d, J = 16.0 Hz, 1H), 6.20-6.10 (m, 2H), 5.24 (dd, J = 11.2, 0.8 Hz, 1H), 5.14 (dd, J 
= 17.6, 0.8 Hz, 1H), 4.19-4.16 (m, 1H), 3.94-3.89 (m, 2H), 3.66 (d, J = 14.0 Hz, 1H), 
1.01 (s, 3H).  
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13C NMR (100 MHz, CDCl3): δ 169.6, 139.5, 136.8, 134.3, 132.6, 131.7, 128.4, 127.5, 
126.5, 123.5, 116.2, 75.8, 47.0, 44.4, 18.8.  
HRMS (CI) Calcd. for C22H22NO3 [M+H]+: 348.1599, Found: 348.1600. 



















To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%), and alcohol 2.12f (28.4 µL, 0.20 mmol, 100 
mol%) were added. The tube was sealed with a rubber septum and purged with nitrogen. 
Allene 2.8 (127.8 mg, 0.60 mmol, 300 mol%) and THF (0.2 mL, 1.0 M concentration 
with respect to alcohol) were added and the rubber septum was quickly replaced with a 
screw cap. The mixture was heated at 95°C (oil bath temperature) for 24 hr. The reaction 
mixture was then concentrated in vacuo and purified by flash column chromatography 
(SiO2, 0-15% EtOAc/hexanes) to furnish the title compound (61.2 mg) as a colorless oil 
in 93% yield as a >20:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.87 (dd, J = 5.6, 2.8 Hz, 2H), 7.76 (dd, J = 5.6, 2.8 Hz, 
2H), 6.10 (dd, J =17.8, 11.0 Hz, 1H), 5.24 (dd, J = 11.0, 1.2 Hz, 1H), 5.17 (dd, J = 17.8, 
1.2 Hz, 1H), 3.96 (d, J = 4.4Hz, 1H), 3.91 (d, J = 14.0 Hz, 1H), 3.54 (d, J =14.0 Hz, 1H), 
3.21-3.18 (m, 1H), 1.28-1.24  (m, 10H), 1.00 (s, 3H), 0.85 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 169.2, 139.8, 134.3, 131.8, 123.5, 115.5, 74.2, 47.0, 
44.8, 31.8, 30.9, 29.4, 27.1, 22.6, 18.5, 14.1. 
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HRMS (CI) Calcd. For  C20H28NO3(M+1): 330.2069, Found: 330.2071. 
FTIR (neat): 2926, 2375, 2261, 2234, 2226, 2217, 2182, 2165, 2083, 2060, 2046, 2033, 










To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and 1,1´-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%) and alcohol 2.11g (35.1 µL, 0.20 mmol, 100 
mol%). The tube was then sealed with a rubber septum and purged with nitrogen. Allene 
2.8 (85.3 mg, 0.40 mmol, 200 mol%) and THF (0.2 mL, 1.0 M concentration with respect 
to alcohol) was added and the rubber septum was quickly replaced with a screw cap. The 
reaction was heated at 85 °C (oil bath temperature) for 48 hrs. The reaction mixture was 
then concentrated in vacuo and purified by flash column chromatography (SiO2, 10% 
EtOAc/hexanes) to furnish the title compound (56.7 mg) as a colorless oil in 72% yield as 
a >20:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.87-7.84 (m, 2H), 7.77-7.74 (m, 2H), 7.29-7.27 (m, 4H), 
7.23-7.19 (m, 1H), 6.10 (dd, J = 17.6, 11.2 Hz, 1H), 5.24 (dd, J = 11.2, 1.2 Hz, 1H), 5.16 
(dd, J = 17.6, 1.2 Hz, 1H), 4.47 (q, J = 12.0, 5.6 Hz, 2H), 4.08 (dd,  J = 3.2, 1.6 Hz, 1H), 
3.90 (d, J = 14.2 Hz, 1H), 3.57 (d, J = 14.2 Hz, 1H), 3.52-3.40 (m, 2H), 3.25-3.21 (m, 
1H), 1.94-1.85 (m, 1H), 1.66-1.48 (m, 2H), 1.36-1.24 (m, 1H), 1.00 (s, 3H).   
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13C NMR (100 MHz, CDCl3): δ 169.7, 139.6, 138.5, 134.2, 131.7, 128.2, 127.6, 127.4, 
123.5, 115.6, 73.9, 72.7, 70.2, 47.0, 44.8, 27.5, 26.9, 18.5.  
HRMS (CI) Calcd. for C24H28NO4 [M+H]+: 394.2017, Found: 394.2018. 









Experimental Procedures and Spectroscopic Data for Adduct 2.13a-2.13g 
2-(((4-Methoxybenzyl)oxy)methyl)-2-methyl-1-(4-nitrophenyl)but-3-en-1-ol (2.13a) 
 
To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(di-i-propylphosphino)ferrocene 
(4.2 mg, 0.01 mmol, 5 mol%), racemic-Binol Phosphoric Acid (3.5 mg, 0.01 mmol, 5 
mol%) and alcohol 2.11b (30.6 mg, 0.20 mmol, 100 mol%). The tube was sealed with a 
rubber septum and purged with nitrogen. Allene 2.9 (82 mg, 0.40 mmol, 200 mol%) and 
THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the rubber 
septum was quickly replaced with a screw cap. The mixture was heated at 75 oC (oil bath 
temperature) for 24 hrs. The reaction mixture was then concentrated in vacuo and 
purified by flash column chromatography (SiO2, 0-20% EtOAc/hexanes) to furnish the 
title compound (69 mg) as a yellow oil in 97% yield as a 16:1 mixture of diastereomers. 
 
1H NMR (400 MHz, CDCl3): δ 8.11 (d, J = 9.2 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H), 7.28 
(d, J = 9.2 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 6.08 (dd, J = 17.6, 11.0 Hz, 1H), 5.20 (dd, J 
= 11.0, 1.2 Hz, 1H), 4.97 (dd, J = 17.6, 1.2 Hz, 1H), 4.82 (d, J = 3.6 Hz, 1H), 4.49 (s, 
2H), 3.83 (s, 3H), 3.44 (d, J = 9.2 Hz, 1H), 3.33 (d, J = 9.2 Hz, 1H), 0.92 (s, 3H). 
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13C NMR (100 MHz, CDCl3): δ 159.5, 148.3, 147.2, 139.1, 129.5, 129.3, 128.7, 122.6, 
116.1, 114.0, 79.1, 77.1, 73.5, 55.3, 45.6, 18.2. 
HRMS: (CI) Calcd. for  C20H23NO5 (M+): 357.1576, Found: 357.1572. 
FTIR (neat): 3454, 2858, 1609, 1512, 1463, 1344, 1245, 1173, 1077, 1032, 1013, 922, 


























To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(di-i-propylphosphino)ferrocene 
(4.2 mg, 0.01 mmol, 5 mol%), racemic-Binol Phosphoric Acid (3.5 mg, 0.01 mmol, 5 
mol%). The tube was sealed with a rubber septum and purged with nitrogen. Alcohol 
2.11b (27.4 µL, 0.20 mmol, 100 mol%), allene 2.9 (82 mg, 0.40 mmol, 200 mol%) and 
THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the rubber 
septum was quickly replaced with a screw cap. The mixture was heated at 75 oC (oil bath 
temperature) for 24 hrs. The reaction mixture was then concentrated in vacuo and 
purified by flash column chromatography (SiO2, 0-15% EtOAc/hexanes) to furnish the 
title compound (71 mg) as a yellow oil in 93% yield as a >20:1 mixture of diastereomers. 
 
1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.28 
(d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.07 (dd, J = 18.0, 10.8 Hz, 1H), 5.18 (dd, J 
= 10.8, 1.2 Hz, 1H), 4.99 (dd, J = 18.0, 1.2 Hz, 1H), 4.79 (d, J = 3.6 Hz, 1H), 4.49 (s, 
2H), 3.82 (s, 3H), 3.68 (d, J = 3.6 Hz, 1H), 3.44 (d, J = 9.0 Hz, 1H), 3.32 (d, J = 9.0 Hz, 




13C NMR (100 MHz, CDCl3): δ 159.4, 144.8, 139.5, 129.54, 129.46, 129.43 (q, J = 32 
Hz), 128.2, 126.4 (q, 3.7 Hz), 124.3 (q, J = 271 Hz), 115.8, 113.9, 79.3, 77.2, 73.4, 55.3, 
45.6, 18.2. 
HRMS: (CI) Calcd. for  C21H23F3O3 (M+): 380.1599, Found: 380.1596. 
FTIR (neat): 3454, 2860, 1612, 1586, 1513, 1464, 1416, 1360, 1323, 1246, 1208, 1161, 























To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(di-i-propylphosphino)ferrocene 
(4.2 mg, 0.01 mmol, 5 mol%), racemic-Binol Phosphoric Acid (3.5 mg, 0.01 mmol, 5 
mol%). The tube was sealed with a rubber septum and purged with nitrogen. Alcohol 
2.11c (20.7 µL, 0.20 mmol, 100 mol%), allene 2.9 (82 mg, 0.40 mmol, 200 mol%) and 
THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the rubber 
septum was quickly replaced with a screw cap. The mixture was heated at 95 oC (oil bath 
temperature) for 24 hrs. The reaction mixture was then concentrated in vacuo and 
purified by flash column chromatography (SiO2, 0-15% EtOAc/hexanes) to furnish the 
title compound (53 mg) as a yellow oil in 85% yield as a 17:1 mixture of diastereomers. 
 
1H NMR (400 MHz, CDCl3): δ 7.32-7.22 (m, 7H), 6.91 (d, J = 8.4 Hz, 2H), 6.09 (dd, J = 
17.8, 11.2 Hz, 1H), 5.17 (dd, J = 11.2, 1.2 Hz, 1H), 5.00 (dd, J = 17.8, 1.2 Hz, 1H), 4.72 
(d, J = 3.6 Hz, 1H), 4.49 (s, 2H), 3.83 (s, 3H), 3.50 (d, J = 3.6 Hz, 1H), 3.46 (d, J = 8.8 
Hz, 1H), 3.32 (d, J = 8.8 Hz, 1H), 0.94 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 159.3, 140.8, 140.2, 129.8, 129.4, 127.8, 127.4, 127.3, 




HRMS: (CI) Calcd. for  C20H24O3 (M-1): 311.1647, Found: 311.1649. 
FTIR (neat): 3469, 2855, 1611, 1585, 1512, 1453, 1416, 1359, 1301, 1245, 1208, 1172, 

































To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(di-i-propylphosphino)ferrocene 
(4.2 mg, 0.01 mmol, 5 mol%), racemic-Binol Phosphoric Acid (3.5 mg, 0.01 mmol, 5 
mol%). The tube was sealed with a rubber septum and purged with nitrogen. Alcohol 
2.11d (17.4 µL, 0.20 mmol, 100 mol%), allene 2.9 (82 mg, 0.40 mmol, 200 mol%) and 
THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the rubber 
septum was quickly replaced with a screw cap. The mixture was heated at 95 oC (oil bath 
temperature) for 24 hrs. The reaction mixture was then concentrated in vacuo and 
purified by flash column chromatography (SiO2, 0-15% Et2O/hexanes) to furnish the title 
compound (43 mg) as a yellow oil in 71% yield as a 15:1 mixture of diastereomers. 
 
1H NMR (400 MHz, CDCl3): δ 7.34 (d, J = 1.6 Hz, 1H), 7.27 (d, J = 8.4 Hz, 2H), 6.89 
(d, J = 8.4 Hz, 2H), 6.32 (dd, J = 3.2, 1.6 Hz, 1H), 6.21 (d, J = 3.2 Hz, 1H), 6.01 (dd, J = 
17.8, 10.8 Hz, 1H), 5.17 (dd, J = 10.8, 0.8 Hz, 1H), 5.07 (dd, J = 17.8, 0.8 Hz, 1H), 4.70 
(d, J = 5.6 Hz, 1H), 4.54 - 4.42 (m, 2H), 3.81 (s, 3H), 3.58 (d, J = 8.4 Hz, 1H), 3.52 (d, J 
= 5.6 Hz, 1H), 3.34 (d, J = 8.4 Hz, 1H), 1.05 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 159.5, 155.1, 141.7, 140.2, 130.1, 129.6, 115.3, 114.1, 
110.3, 107.8, 77.0, 74.3, 73.6, 55.5, 45.8, 19.2. 
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HRMS: (CI) Calcd. for  C18H22O4 (M-1): 301.1440, Found: 301.1437. 
FTIR (neat): 3474, 2859, 1611, 1585, 1512, 1464, 1416, 1301, 1245, 1173, 1078, 1032, 






























 (((4-Methoxybenzyl)oxy)methyl)-4-methyl-1-phenylhexa-1,5-dien-3-ol (2.13e) 
 
To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 
RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(di-i-propylphosphino)ferrocene 
(4.2 mg, 0.01 mmol, 5 mol%), racemic-Binol Phosphoric Acid (3.5 mg, 0.01 mmol, 5 
mol%). The tube was sealed with a rubber septum and purged with nitrogen. Alcohol 
2.11e (25.8 µL, 0.20 mmol, 100 mol%), allene 2.9 (82 mg, 0.40 mmol, 200 mol%) and 
THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the rubber 
septum was quickly replaced with a screw cap. The mixture was heated at 95 oC (oil bath 
temperature) for 24 hrs. The reaction mixture was then concentrated in vacuo and 
purified by flash column chromatography (SiO2, 0-15% EtOAc/hexanes) to furnish the 
title compound (63 mg) as a yellow oil in 94% yield as a 17:1 mixture of diastereomers. 
 
1H NMR (400 MHz, CDCl3): δ 7.38-7.20 (m, 7H), 6.88 (d, J = 8.4 Hz, 2H), 6.60 (dd, J = 
16.2, 0.8 Hz 1H), 6.19 (dd, J = 16.2, 7.2 Hz, 1H), 6.04 (dd, J = 17.8, 11.2 Hz, 1H), 5.20 
(dd, J = 11.2, 1.2 Hz, 1H), 5.11 (dd, J = 17.8, 1.2 Hz, 1H), 4.47 (s, 2H), 4.23 (m, 1H), 
3.81 (s, 3H), 3.57 (d, J = 8.8 Hz, 1H), 3.39 (d, J = 8.8 Hz, 1H), 3.21 (d, J = 3.6 Hz, 1H), 
1.09 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 159.3, 140.5, 137.0, 131.8, 129.8, 129.4, 128.8, 128.5, 
127.5, 126.5, 115.1, 113.9, 78.2, 76.7, 73.3, 55.3, 45.3, 18.9. 
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HRMS: (CI) Calcd. for  C22H26O3 (M+): 338.1882, Found: 338.1887. 
FTIR (neat): 3465, 2856, 1611, 1585, 1512, 1462, 1359, 1301, 1245, 1172, 1081, 1032, 


































To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%). The tube was sealed with a rubber septum and 
purged with nitrogen. Alcohol 2.11f (28.4 µL, 0.20 mmol, 100 mol%), allene 2.9 (123 
mg, 0.60 mmol, 300 mol%) and THF (0.2 mL, 1.0 M concentration with respect to 
alcohol) were added and the rubber septum was quickly replaced with a screw cap. The 
mixture was heated at 95 °C (oil bath temperature) for 48 hrs. The reaction mixture was 
then concentrated in vacuo and purified by flash column chromatography (SiO2, 0-10% 
EtOAc/hexanes) to furnish the title compound (55 mg) as a colorless oil in 86% yield as a 
4:1 mixture of diastereomers. 
 
1H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 5.97 
(dd, J = 17.8, 10.8 Hz, 1H), 5.14 (dd, J = 10.8, 1.2 Hz, 1H), 5.04 (dd, J = 17.8, 1.2 Hz, 
1H), 4.45 (s, 2H), 3.81 (s, 3H), 3.52 (d, J = 8.8 Hz, 1H), 3.52-3.45 (m, 1H), 3.34 (d, J = 
8.8 Hz, 1H), 2.89 (d, J = 4.8 Hz, 1H), 1.35-1.20 (m, 10H), 1.02 (s, 3H), 0.88 (t, 6.8 Hz). 
13C NMR (100 MHz, CDCl3): δ 159.2, 141.0, 130.0, 129.2, 114.2, 113.8, 77.3 (2 carbons 
obstructed by chloroform), 73.3, 55.3, 44.9, 31.9, 31.8, 29.4, 26.7, 22.7, 22.7, 19.0, 14.1. 
HRMS: (CI) Calcd. for C20H32O3 (M-1): 319.2273, Found: 319.2274. 
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FTIR (neat): 3481, 2926, 2855, 1612, 1513, 1463, 1416, 1362, 1301, 1246, 1172, 1078, 































To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%). The tube was sealed with a rubber septum and 
purged with nitrogen. Alcohol 2.11g (35.1 µL, 0.20 mmol, 100 mol%), allene 2.9 (123 
mg, 0.60 mmol, 300 mol%) and THF (0.2 mL, 1.0 M concentration with respect to 
alcohol) were added and the rubber septum was quickly replaced with a screw cap. The 
mixture was heated at 95 °C (oil bath temperature) for 48 hr. The reaction mixture was 
then concentrated in vacuo and purified by flash column chromatography (SiO2, 0-20% 
EtOAc/hexanes) to furnish the title compound (53 mg) as a yellow oil in 69% yield as a 
4:1 mixture of diastereomers. 
  
1H NMR (400 MHz, CDCl3): δ 7.33-7.25 (m, 5H), 7.23 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 
8.8 Hz, 2H), 5.96 (dd, J = 17.6, 11.0 Hz, 1H), 5.13 (dd, J = 11.0, 1.2 Hz, 1H), 5.03 (dd, J 
= 17.6, 1.2 Hz, 1H), 4.50 (s, 2H), 4.44 (s, 2H), 3.79 (s, 3H), 3.53-3.46 (m, 4H), 3.33 (d, J 
= 9.2 Hz, 1H),  3.07 (d, J = 4.8 Hz, 1H), 1.90- 1.80 (m, 1H), 1.70-1.50 (m, 2H), 1.35-1.20 
(m, 1H), 1.02 (s, 3H). 
13C NMR (75 MHz, CDCl3): δ 159.5, 141.2, 138.9, 130.2, 129.5, 128.6, 127.9, 127.7, 
114.1, 77.4, 77.2, 73.5, 73.0, 70.7, 55.5, 45.2, 28.9, 27.1, 19.2. 
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HRMS: (CI) Calcd. for C24H32O4 (M+): 384.2292, Found: 384.2287. 
FTIR (neat): 3483, 2854, 1611, 1585, 1512, 1454, 1416, 1362, 1301, 1246, 1207, 1173, 



























 Experimental Procedures and Spectroscopic Data for Adduct 2.14a-2.14g 
2-Methyl-1-(4-nitrophenyl)-2-phenylbut-3-en-1 (2.14a) 
 
To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, RuH-
2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino)ferrocene (4.2 
mg, 0.01 mmol, 5 mol%), mesitylene sulfonic acid (2.4 mg, 0.01 mmol, 5 mol%) and 
alcohol 2.11a (30.6 mg, 0.20 mmol, 100 mol%) were added. The tube was sealed with a 
rubber septum and purged with nitrogen. Allene 2.10 (60.1 µL, 0.40 mmol, 200 mol%) 
and THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the 
rubber septum was quickly replaced with a screw cap. The mixture was heated at 50°C 
(oil bath temperature) for 48 hrs. The reaction mixture was then concentrated in vacuo 
and purified by flash column chromatography (SiO2, 5-15% Et2O/hexanes) to furnish the 
title compound (47.6 mg) as a colorless oil in 84% yield as a 20:1 mixture of 
diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 8.04 (dd, J = 8.8, 2.0 Hz, 2H), 7.56-7.35 (m, 5H), 7.21 
(dd, J = 8.8, 2.0 Hz, 2H), 6.51 (dd, J = 17.6, 11.0 Hz, 1H), 5.37 (dd, J = 11.0, 1.4 Hz, 
1H), 5.18  (m, 1H), 5.16 (dd, J = 17.6, 1.4 Hz, 1H), 2.28 (s, 1H), 1.28 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 147.2, 143.7, 141.5, 128.6, 128.6, 127.1, 122.3, 116.4, 
79.3, 77.3, 50.4, 29.7, 19.4. 
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HRMS (CI) Calcd. For  C17H17NO3 (M+): 284.1287, Found: 284.1286. 
FTIR (neat): 3577, 3504, 3480, 3458, 3082, 1637, 1599, 1445, 1413, 1281, 1060, 1030, 
919, 764, 700, 667 cm-1.  
 
The spectroscopic properties of this compound were consistent with the data available in 








                                                          










To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%), and alcohol 2.11b (27.4 μL, 0.20 mmol, 100 
mol%) were added. The tube was sealed with a rubber septum and purged with nitrogen. 
Allene 2.10 (60.1 µL, 0.40 mmol, 200 mol%) and THF (0.4 mL, 0.5 M concentration 
with respect to alcohol) were added and the rubber septum was quickly replaced with a 
screw cap. The mixture was heated at 40 °C (oil bath temperature) for 24 hrs. The 
reaction mixture was then concentrated in vacuo and purified by flash column 
chromatography (SiO2, 5-15% Et2O/hexanes) to furnish the title compound (52.2 mg) as a 
colorless oil in 85% yield as a 4:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 8.2, 2H), 7.37-7.27 (m, 5H), 7.19 (d, J = 8.2 
Hz, 2H), 6.53 (dd, J = 17.6, 11.0 Hz, 1H), 5.35 (dd, J = 11.0, 1.0 Hz, 1H), 5.13  (dd, J = 
17.6, 1.0, 1H), 5.12 (d, J = 2.0 Hz, 1H), 2.17 (d, J = 2.0 Hz, 1H), 1.28 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 144.2, 143.8, 141.6, 129.5 (q, J = 32.0 Hz), 128.5, 128.2, 
127.2, 126.8, 124.2 (q, J = 269 Hz), 124.1 (q, J = 3.8 Hz), 116.1, 79.6, 50.3, 19.9. 
HRMS (CI) Calcd. For  C18H18OF3 (M+): 307.1310, Found: 307.1305. 
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FTIR (neat): 3577, 3557, 3479, 3458, 2954, 2924, 2856, 1637, 1559, 1445, 1413, 1281, 









To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%), and alcohol 2.11c (20.7 µL, 0.20 mmol, 100 
mol%) were added. The tube was sealed with a rubber septum and purged with nitrogen. 
Allene 2.10 (60.1 µL, 0.40 mmol, 200 mol%) and THF (0.4 mL, 0.5 M concentration 
with respect to alcohol) were added and the rubber septum was quickly replaced with a 
screw cap. The mixture was heated at 60 °C (oil bath temperature) for 24 hrs. The 
reaction mixture was then concentrated in vacuo and purified by flash column 
chromatography (SiO2, 5-20% Et2O/hexanes) to furnish the title compound (47.1 mg) as a 
colorless oil in 99% yield as a 6:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.37-7.35 (m, 2H), 7.33-7.30 (m, 2H), 7.25-7.19 (m, 4H), 
7.12-7.09 (m, 2H) 6.56 (dd, J  = 17.6, 11.0 Hz, 1H), 5.32 (dd, J = 11.0, 1.2 Hz, 1H), 5.10 
(dd, J = 17.6, 1.2 Hz, 1H), 5.07 (d, J = 2.0 Hz, 1H), 2.07 (d, J = 2.0 Hz, 1H), 1.29 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 145.0, 142.0, 140.0, 128.3, 127.9, 127.4, 127.2, 127.2, 
126.5, 115.6, 80.3, 50.3, 20.6. 
HRMS (CI) Calcd. For  C17H18O (M+): 238.1358, Found:238.1355. 
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FTIR (neat): 3577, 3558, 3479, 3459, 3082, 2954, 2924, 2856, 1636, 1599, 1466, 1445, 








To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%), and alcohol 2.11d (17.4 µL, 0.20 mmol, 100 
mol%) were added. The tube was sealed with a rubber septum and purged with nitrogen. 
Allene 2.10 (60.1 µL, 0.40 mmol, 200 mol%) and THF (0.4 mL, 0.5 M concentration 
with respect to alcohol) were added and the rubber septum was quickly replaced with a 
screw cap. The mixture was heated at 60 °C (oil bath temperature) for 24 hrs. The 
reaction mixture was then concentrated in vacuo and purified by flash column 
chromatography (SiO2, 5-20% Et2O/hexanes) to furnish the title compound (45.2 mg) as a 
colorless oil in 99% yield as a 10:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.40-7.22 (m, 6H), 6.49 (dd, J = 18.0, 10.8 Hz, 1H), 6.28 
(dd, J = 3.1, 1.8 Hz, 1H), 6.07 (d, J = 3.1 Hz, 1H), 5.35 (dd, J = 10.8, 1.1 Hz, 1H), 5.16 
(dd, J = 18.0, 1.1 Hz, 1H), 5.10 (d, J = 4.0 Hz, 1H), 2.14 (d, J =4.0 Hz, 1H), 1.42 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 154.2, 144.8, 144.3, 141.6, 128.5, 128.4, 127.7, 127.4, 
126.8, 115.7, 110.3, 108.0, 74.8, 50.3, 21.6. 
HRMS (CI) Calcd. For  C15H17O2 (M+1): 229.1229, Found: 229.1222. 
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FTIR (neat): 2961, 2922, 2852, 1497, 1464, 1445, 1412, 1372, 1261, 1213, 1471, 1076, 









To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%), and alcohol 2.11e (25.8 µL, 0.2 mmol, 100 
mol%) were added. The tube was sealed with a rubber septum and purged with nitrogen. 
Allene 2.10 (60.1 µL, 0.4 mmol, 200 mol%) and THF (1.0 mL, 0.2 M concentration with 
respect to alcohol) were added and the rubber septum was quickly replaced with a screw 
cap. The mixture was heated at 60 °C (oil bath temperature) for 24 hrs. The reaction 
mixture was then concentrated in vacuo and purified by flash column chromatography 
(SiO2, 5-20% Et2O/hexanes) to furnish the title compound (52.2 mg) as a colorless oil in 
99% yield as a 5:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 7.6, 1.2 Hz, 2H), 7.36 (t, J = 7.6 Hz, 2H), 
7.33-7.27 (m, 6H), 6.59 (d, J = 16.0 Hz, 1H), 6.55 (dd, J = 18.0, 10.8 Hz, 1H), 6.44 (dd, J 
= 18.0, 10.8 Hz, 1H), 6.10 (dd, J = 16.0, 6.6 Hz, 1H), 5.37 (dd, J = 10.8, 1.2 Hz, 1H), 
5.22 (dd, J = 18.0, 1.4 Hz, 1H), 4.63 (dd, J = 6.6, 2.8 Hz, 1H), 1.78 (m, 1H), 1.40 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 144.8, 142.2, 136.8, 132.5, 128.5, 128.5, 128.1, 127.6, 
127.1, 126.6, 126.5, 115.5, 78.5, 49.7, 21.3. 
HRMS (CI) Calcd. For C19H21O (M+1): 265.1592, Found: 265.1592. 
168 
 
FTIR (neat): 2958, 2918, 2849, 2365, 2342, 2493, 2446, 1374, 1262, 1097, 1068, 1028, 
966, 921, 752, 727, 718, 695, 670 cm-1.  
 








                                                          









To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%), and alcohol 2.11f (28.4 µL, 0.2 mmol, 100 
mol%) were added. The tube was sealed with a rubber septum and purged with nitrogen. 
Allene 2.10 (90.3 µL, 0.6 mmol, 300 mol%) and THF (0.2 mL, 1.0 M concentration with 
respect to alcohol) were added and the rubber septum was quickly replaced with a screw 
cap. The mixture was heated at 75 °C (oil bath temperature) for 24 hrs. The reaction 
mixture was then concentrated in vacuo and purified by flash column chromatography 
(SiO2, 0-5% Et2O/hexanes) to furnish the title compound (37.7 mg) as a colorless oil in 
77% yield as a >20:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.39-7.31 (m, 4H), 7.24-7.20 (m, 1H), 6.29 (dd, J  = 18.0, 
11.2 Hz, 1H), 5.29 (dd, J = 11.2, 1.2 Hz, 1H), 5.17 (dd, J = 18, 1.2 Hz, 1H), 3.91 (m, 
1H), 1.58 (s, 1H), 1.56-1.51 (m, 2H), 1.38, (s, 3H), 1.29-1.21 (m, 8H), 0.86 (t, J = 7.0 
Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 145.7, 143.6, 128.7, 127.1, 126.6, 114.8, 49.9, 32.1, 
31.7, 31.5, 29.5, 27.3, 22.9, 22.0, 14.3. 
HRMS (CI) Calcd. For  C17H25O (M+): 246.1984, Found: 246.1987. 
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FTIR (neat): 3577, 3557, 3505, 3480, 3459, 3083, 2954, 2924, 2856, 1636, 1493, 1466, 










To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 
RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(di-i-propylphosphino) 
ferrocene (4.2 mg, 0.01 mmol, 5 mol%), and alcohol 2.11g (35.1 µL, 0.2 mmol, 100 
mol%) were added. The tube was sealed with a rubber septum and purged with nitrogen. 
Allene 2.10 (90.1 µL, 0.6 mmol, 300 mol%) and THF (0.2 mL, 1.0 M concentration with 
respect to alcohol) were added and the rubber septum was quickly replaced with a screw 
cap. The mixture was heated at 75 °C (oil bath temperature) for 24 hrs. The reaction 
mixture was then concentrated in vacuo and purified by flash column chromatography 
(SiO2, 0-5% Et2O/hexanes) to furnish the title compound (41.5 mg) as a colorless oil in 
67% yield as a >20:1 mixture of diastereomers.  
 
1H NMR (400 MHz, CDCl3): δ 7.41-7.28 (m, 9H), 7.26-7.22 (m, 1H), 6.33 (dd, J = 17.6, 
11.0 Hz, 1H), 5.31 (dd, J = 11.0, 1.2 Hz, 1H), 5.18 (dd, J = 17.6, 1.2 Hz, 1H), 4.51 (s, 
2H), 3.97 (d, J  = 10.8 Hz, 1H), 3.49 (t, J = 6.2 Hz, 2H), 2.18 (d, J = 2.8, 1H), 1.90-1.83 
(m, 1H), 1.75-1.64 (m, 1H), 1.57-1.50 (m, 1H), 1.41 (s, 3H), 1.38-1.28 (m, 1H). 
13C NMR (100 MHz, CDCl3): δ 145.8, 143.7, 138.7, 128.7, 128.6, 128.0, 127.8, 127.2, 
126.5, 114.8, 73.1, 70.6, 49.9, 28.7, 27.4, 20.3. 
HRMS (CI) Calcd. For  C21H27O2 (M+1): 311.2011, Found: 311.2012. 
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FTIR (neat): 3577, 3558, 3480, 3459, 3083, 2954, 2924, 2856, 1637, 1599, 1493, 1466, 







Crystallographic Material for 2.12a. 
X-ray Experimental. 
Table 1.   Crystallographic Data for 2.12a. 
Table 2.  Fractional coordinates and equivalent isotropic thermal parameters (Å2) for 
the non-hydrogen atoms of 2.12a. 
Table 3.    Bond Lengths (Å) and Angles (o) for the non-hydrogen atoms of 2.12a. 
Table 4.   Anisotropic thermal parameters for the non-hydrogen atoms of 2.12a. 
Table 5.  Fractional coordinates and isotropic thermal parameters (Å2) for the 
hydrogen atoms of 2.12a. 
Table 6.    Torsion Angles (o) for the non-hydrogen atoms of 2.12a. 
Figure 1.  View of 2.12a showing the atom labeling scheme.  Displacement ellipsoids are 












X-ray Experimental for C20H18N2O5 (2.12a):  Crystals grew as colorless needles by 
slow evaporation from dichloromethane / Hexaness. The data crystal was cut from a 
larger crystal and had approximate dimensions; 0.32 x 0.04 x 0.03 mm. The data were 
collected on a Rigaku R-Axis Spider diffractometer with an image plate detector using a 
graphite monochromator with CuKα radiation ( = 1.5418Å). A total of 130 images of 
data were collected using -scans with a scan range of 5 and a counting time of 420 
seconds per image.  The data were collected at 100 K using a RigakuXStream low 
temperature device.  Details of crystal data, data collection and structure refinement are 
listed in Table 1. Data reduction were performed using the Rigaku Americas 
Corporation’s Crystal Clear version 1.40.12 The structure was solved by direct methods 
using SIR9713 and refined by full-matrix least-squares on F2 with anisotropic 
displacement parameters for the non-H atoms using SHELXL-97.14 Most of the hydrogen 
atoms were located in a ∆F map and refined with isotropic displacement parameters.  The 
hydrogen atoms on C14 and O3 were calculated in ideal positions with isotropic 
displacement parameters set to 1.2xUeq of the attached.  The function, w(|Fo|2 - |Fc|2)2, 
was minimized, where w = 1/[((Fo))2 + (0.0808*P)2 + (0.3373*P)] and P = (|Fo|2 + 
2|Fc|2)/3.  Rw(F2) refined to 0.220, with R(F) equal to 0.0688 and a goodness of fit, S, = 
1.20. Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given 
                                                          
12 DENZO-SMN.  (1997).  Z. Otwinowski and W. Minor, Methods in Enzymology, 276: Macromolecular 
Crystallography, part A, 307-326, C. W. Carter, Jr. and R. M. Sweets, Editors, Academic Press. 
13 A program for crystal structure solution. Altomare A., Burla M.C., Camalli M., Cascarano G.L., 
Giacovazzo C. , Guagliardi A., Moliterni A.G.G., Polidori G.,Spagna R.  J. Appl. Cryst. 32, 115-119 
14 Sheldrick, G. M. (1994).  SHELXL97.  Program for the Refinement of Crystal Structures.  
University of Gottingen, Germany. 
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below.15 The data were corrected for secondary extinction effects.  The correction takes 
the form:  Fcorr = kFc/[1 + (8.1(15)x10-6)* Fc2 3/(sin2)]0.25 where k is the overall 
scale factor. Neutral atom scattering factors and values used to calculate the linear 
absorption coefficient are from the International Tables for X-ray Crystallography 
(1992).16 All figures were generated using SHELXTL/PC.17 Tables of positional and 
thermal parameters, bond lengths and angles, torsion angles and figures are found 
elsewhere. SIR97. (1999).   
                                                          
15
 Rw(F
2) =  {w(|Fo|
2 - |Fc|
2)2/w(|Fo|)
4}1/2 where w is the weight given each reflection. 
 R(F) =  (|Fo| - |Fc|)/|Fo|} for reflections with Fo > 4((Fo)). 
S =  [w(|Fo|
2 - |Fc|
2)2/(n - p)]1/2, where n is the number of reflections and p is the number of refined 
parameters. 
16 International Tables for X-ray Crystallography (1992). Vol. C, Tables 4.2.6.8 and 6.1.1.4, A. J. C. 
Wilson, editor, Boston: Kluwer Academic Press. 
17 Sheldrick, G. M. (1994).  SHELXTL/PC (Version 5.03).  Siemens Analytical X-ray Instruments, 
Inc., Madison, Wisconsin, USA. 
179 
 
Table 1.  Crystal data and structure refinement for 2.12a. 
Empirical formula  C20 H18 N2 O5 
Formula weight  366.36 
Temperature  100(2) K 
Wavelength  1.54180 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.3019(6) Å α= 75.958(5)°. 
 b = 9.615(9) Å β= 75.473(5)°. 
 c = 13.028(2) Å  = 80.710(6)°. 
Volume 854.0(8) Å3 
Z 2 
Density (calculated) 1.425 Mg/m3 
Absorption coefficient 0.861 mm-1 
F(000) 384 
Crystal size 0.32 x 0.04 x 0.03 mm 
Theta range for data collection 6.52 to 66.56°. 
Index ranges -6<=h<=8, -9<=k<=11, -13<=l<=15 
Reflections collected 7885 
Independent reflections 2924 [R(int) = 0.0392] 
Completeness to theta = 66.56° 96.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.799 
180 
 
Table 1. (Continued) 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2924 / 0 / 310 
Goodness-of-fit on F2 1.198 
Final R indices [I>2sigma(I)] R1 = 0.0688, wR2 = 0.1592 
R indices (all data) R1 = 0.1241, wR2 = 0.2202 
Extinction coefficient 8.1(15)x10-6 
Largest diff. peak and hole 0.373 and -0.328 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) for 2.12a.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________  
C1 -3109(7) -2553(5) -5182(4) 56(1) 
C2 -2372(6) -1111(4) -5599(3) 50(1) 
C3 -1483(7) -463(5) -6633(4) 57(1) 
C4 -993(7) 928(5) -6793(4) 58(1) 
C5 -1396(6) 1625(5) -5943(4) 56(1) 
C6 -2279(6) 973(5) -4901(4) 51(1) 
C7 -2747(6) -406(4) -4753(3) 47(1) 
C8 -3708(6) -1382(4) -3755(3) 48(1) 
C9 -4837(7) -3831(5) -3318(4) 52(1) 
C10 -3569(6) -5033(4) -2707(3) 51(1) 
C11 -2230(9) -5852(6) -3520(4) 60(1) 
C12 -2542(7) -4413(5) -2073(4) 54(1) 
C13 -692(9) -4667(6) -2088(5) 70(2) 
C14 -5026(6) -6039(4) -1906(3) 54(1) 
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Table 2. (Continued) 
C15 -4092(6) -7431(5) -1318(4) 52(1) 
C16 -3529(6) -7508(5) -350(4) 54(1) 
C17 -2764(7) -8817(5) 187(4) 54(1) 
C18 -2504(6) -10006(4) -268(3) 51(1) 
C19 -3027(6) -9960(5) -1221(4) 51(1) 
C20 -3845(7) -8655(5) -1733(4) 54(1) 
N1 -3784(5) -2668(4) -4062(3) 51(1) 
N2 -1765(5) -11420(4) 303(3) 57(1) 
O1 -3152(5) -3468(3) -5670(2) 68(1) 
O2 -4359(4) -1133(3) -2862(2) 57(1) 
O3 -6202(4) -5211(3) -1163(3) 65(1) 
O4 -1412(4) -12440(3) -173(2) 61(1) 




Table 3.   Bond lengths [Å] and angles [°] for 2.12a. 
________________________________________________________________________  
C1-O1  1.214(5) 
C1-N1  1.401(5) 
C1-C2  1.495(6) 
C2-C7  1.380(5) 
C2-C3  1.381(6) 
C3-C4  1.394(6) 
C3-H3  0.98(4) 
C4-C5  1.376(6) 
C4-H4  1.00(4) 
C5-C6  1.389(6) 
C5-H5  1.01(4) 
C6-C7  1.379(6) 
C6-H6  1.00(3) 
C7-C8  1.491(6) 
C8-O2  1.208(4) 
C8-N1  1.401(5) 
C9-N1  1.470(5) 
C9-C10  1.551(6) 
C9-H9A  1.07(4) 
C9-H9B  1.07(5) 
C10-C12  1.514(6) 
C10-C11  1.528(6) 
C10-C14  1.562(6) 
C11-H11A  0.98(5) 
C11-H11B  1.06(6) 
C11-H11C  1.01(4) 
C12-C13  1.330(7) 
C12-H12  1.05(4) 
C13-H13A  1.03(5) 
C13-H13B  1.10(5) 
C14-O3  1.430(4) 
C14-C15  1.522(6) 
C14-H14  1.00 
C15-C20  1.379(6) 
C15-C16  1.404(6) 
C16-C17  1.388(6) 
C16-H17  1.03(4) 
C17-C18  1.376(6) 
C17-H18  0.89(4) 





C18-N2  1.472(5) 
C19-C20  1.389(6) 
C19-H19  1.07(4) 
C20-H20  0.95(4) 
N2-O5  1.229(4) 
N2-O4  1.244(4) 



















































































____________________________________________________________________________   
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 Table 4.   Anisotropic displacement parameters (Å2x 103) for 2.12a.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C1 58(3)  50(3) 58(3)  -15(2) -11(2)  6(2) 
C2 51(3)  43(2) 52(3)  -7(2) -8(2)  -3(2) 
C3 53(3)  62(3) 55(3)  -17(2) -10(2)  1(2) 
C4 48(3)  60(3) 57(3)  -9(3) -4(2)  -1(2) 
C5 36(3)  53(3) 69(3)  -3(2) -3(2)  -7(2) 
C6 46(3)  52(3) 56(3)  -16(2) -9(2)  -1(2) 
C7 39(2)  47(3) 52(2)  -12(2) -4(2)  1(2) 
C8 42(3)  47(3) 52(3)  -15(2) -6(2)  2(2) 
C9 56(3)  43(3) 57(3)  -7(2) -12(2)  -10(2) 
C10 53(3)  47(3) 49(2)  -13(2) -5(2)  -4(2) 
C11 64(4)  52(3) 58(3)  -14(3) -1(3)  -3(3) 
C12 51(3)  49(3) 63(3)  -12(2) -10(2)  -8(2) 
C13 77(4)  60(3) 73(4)  -13(3) -17(3)  -11(3) 
C14 59(3)  41(2) 59(3)  -15(2) -2(2)  -5(2) 
C15 48(3)  49(3) 53(3)  -13(2) -2(2)  -4(2) 
C16 51(3)  50(3) 58(3)  -15(2) 1(2)  -8(2) 
C17 50(3)  57(3) 55(3)  -18(2) -3(2)  -9(2) 
C18 50(3)  48(3) 47(2)  -11(2) -1(2)  -1(2) 
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Table 4. (Continued) 
C19 46(3)  52(3) 52(3)  -16(2) 2(2)  -9(2) 
C20 56(3)  47(3) 55(3)  -19(2) -3(2)  -2(2) 
N1 57(2)  45(2) 49(2)  -15(2) -6(2)  -5(2) 
N2 45(2)  57(2) 59(2)  -11(2) 4(2)  -6(2) 
O1 86(3)  57(2) 65(2)  -24(2) -12(2)  -10(2) 
O2 56(2)  53(2) 56(2)  -16(2) -2(2)  -2(1) 
O3 58(2)  59(2) 70(2)  -19(2) 6(2)  -4(2) 
O4 58(2)  54(2) 68(2)  -20(2) -6(2)  0(2) 




 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for 2.12a. 
____________________________________________________________________________ 
 x  y  z  U(eq) 
____________________________________________________________________________  
H14 -5845 -6293 -2330 65 
H3O -7145 -5649 -806 98 
H3 -1190(60) -980(40) -7230(30) 52(12) 
H4 -360(60) 1380(40) -7550(30) 65(13) 
H5 -900(60) 2590(50) -6120(30) 67(14) 
H6 -2560(40) 1450(30) -4260(30) 27(9) 
H9A -5870(60) -3400(40) -2700(30) 67(13) 
H9B -5430(60) -4300(50) -3810(40) 72(14) 
H11A -1260(70) -6540(60) -3230(40) 94(19) 
H11B -3030(80) -6170(50) -3980(40) 98(19) 
H11C -1270(60) -5250(40) -4080(30) 62(13) 
H12 -3370(60) -3680(40) -1610(30) 62(13) 
H13A -250(70) -4250(50) -1540(40) 84(17) 
H13B 200(70) -5390(50) -2590(40) 97(17) 
H17 -3730(60) -6580(50) -60(30) 69(14) 
H18 -2460(60) -8900(40) 820(30) 60(15) 
H19 -2930(60) -10890(40) -1550(30) 63(13) 

















































































Figure 1.  View of 2.12a showing the atom labeling scheme.  Displacement ellipsoids are 











2.6.3 Experimental Details for Section 2.4 
General Experimental Details. All reactions were run under an atmosphere of argon, 
unless otherwise indicated. Anhydrous solvents were transferred via oven-dried syringe. 
Reaction tubes were oven-dried and cooled under a stream of argon. Reactions tubes 
were purchased from Fischer Scientific (catalog number 14-959-35C). Tetrahydrofuran 
was obtained from solvent delivery system (Innovative Technology Inc. Ps-MD-5). 
Ru(OCOCF3)2(CO)(PPh3)2 was prepared according to literature procedure.18 1-Phenyl-1-
propyne was used as received from Sigma Aldrich. Alkynes 2.29 and 2.31 were prepared 
via Sonogashira coupling in accordance with literature procedure employing commer-
cially available aryl iodides.19  Alkyne 2.33 and deuterio-2.28 were also prepared in 
accordance with literature procedure.20,21 Commercially available aldehydes were purified 
by distillation prior to use. Aldehydes 2.34, deuterio-2.34 and 2.36 were prepared 
according to literature procedures.22,23,24 Analytical thin-layer chromatography (TLC) was 
carried out using 0.2-mm commercial silica gel plates (DC-Fertigplatten Kieselgel 60 
F254) and products were visualized by UV, KMnO4 and/or anisaldehyde stain. Preparative 
column chromatography employing silica gel was performed according to the method of 
Still.25 Infrared spectra were recorded on a Perkin-Elmer 1600 spectrometer. High-
                                                          
18 Dobson, A.; Robinson, S. D.; Uttley, M. F. J. Chem. Soc., Dalton Trans. 1975, 370.   
19 Pschirer, N. G.; Bunz, U. H. F. Tetrahedron Lett. 1999, 40, 2481. 
20 Llardi, E. A.; Stivala, C. E.; Zakarian, A. Org. Lett. 2008, 10, 1727. 
21 Huggins, J. M.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103, 3002.  
22 (a) Lin, Y. A.; Chalker, J. M.; Floyd, N.; Bernardes, G. J. L.; Davis, B. G. J. Am. Chem. Soc. 2008, 130, 
9642. (b) Hon, Y.-S.; Wong, Y.-C.; Chang, C.-P.; Hsieh, C.-H. Tetrahedron 2007, 63, 11325. 
23  Munos, J. W.; Pu, X.; Mansoorabadi, S. O.; Kim, H. J.; Liu, H.-W. J. Am. Chem. Soc. 2009, 131, 2048. 
24 Becht, J.-M.; Meyer, O.; Helmchen, G. Synthesis 2003, 2805. 
25 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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resolution mass spectra (HRMS) were obtained on a Karatos MS9 and are reported as 
m/z (relative intensity). Accurate masses are reported for the molecular ion [M+H]+ or a 
suitable fragment ion. Melting points were obtained on a Thomas-Hoover Unimelt 
apparatus and are uncorrected. Proton nuclear magnetic resonance (1H NMR) spectra 
were recorded with a Varian Gemini (400 MHz) spectrometer. Chemical shifts are 
reported in delta (δ) units, parts per million (ppm) downfield from tetramethylsilane or 
ppm relative to the center of the singlet at 7.26 ppm for deuteriochloroform. Coupling 
constants are reported in Hertz (Hz). Carbon-13 nuclear magnetic resonance (13C NMR) 
spectra were recorded with a Varian Gemini or 400 (100 MHz) spectrometer. Chemical 
shifts are reported in delta (δ) units, ppm relative to the center of the triplet at 77.0 ppm 















General Procedure for Sonogashira Coupling: A one neck 250 mL round bottom flask 
was equipped with a magnetic stir bar, 24/40 rubber septa, and then purged with argon. 
After purging, Pd(PPh3)4 (289 mg, 0.25 mmol, 1 mol%), CuI (190 mg, 1.00 mmol, 4 
mol%), and 1-(4-Iodophenyl)-ethanone (6.08g, 24.7 mmol, 100 mol%) were added. The 
flask was purged again with argon and THF (50 mL, 0.5M) and TEA (6.89 mL, 49.4 
mmol, 200 mol%) were added. The reaction mixture was cooled to -78 oC and placed 
under vacuum. A balloon of propyne gas, roughly the size of the flask, was attached to 
the reaction vessel using a 12” 18 gauge needle. The flask was equipped with a small 
argon balloon and the cooling bath was removed. The reaction mixture was allowed to 
warm to room temperature and was allowed to stir overnight. The reaction mixture was 
filtered through Celite with the aid of ether. The solution was concentrated, transferred to 
a 250 mL separatory funnel containing of ether (50 mL), and saturated NH4Cl (aq.) (100 
mL) was added. The organic phase was collected and the aqueous phase was extracted 
with three portions of ether (50 mL). The combined organic extracts were dried (MgSO4), 
filtered and concentrated under vacuum. The residue was purified by flash column 
195 
 
chromatography (SiO2, 2% EtOAc/hexanes) to afford the title compound (3.83 g, 98%) as 
a white solid. 
 
1H NMR (400 MHz, CDCl3): δ 7.87 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 2.58 (s, 
3H), 2.08 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 197.3, 135.6, 131.5, 129.0, 128.1, 89.7, 79.2, 26.5, 4.4. 



























To a one neck 250 mL round bottom flask equipped with a magnetic stir bar was 
added indole (2.00 g, 17.1 mmol, 100 mol%) as a solution in DMF (35 mL, 0.5 M). 
Potassium hydroxide (2.39 g, 42.6 mmol, 250 mol%) was added and the mixture was 
allowed to stir for 20 minutes. Iodine (4.38 g, 17.3 mmol, 101 mol%) was added and the 
mixture was allowed to stir for one hour. The reaction mixture was poured into a 1L 
Erlenmeyer flask containing ice water (400 mL). A precipitate was collected by vacuum 
filtration and used immediately the subsequent transformation (the crude product 
decomposes over time).  
To a one neck 250 mL round bottom flask equipped with a magnetic stir bar was 
added 3-iodo-1H-indole (4.15 g, 17.1 mmol, 100 mol%), DMAP (104 mg, 0.86 mmol, 5 
mol%), and DCM (55 mL, 0.3M). To the stirred mixture was added (Boc)2O (3.73 g, 17.1 
mmol, 100 mol%) in portions and the mixture was allowed to stir 16 hours. The reaction 
mixture was diluted with DCM (150 mL) and transferred to a 250 mL separatory funnel. 
The organic phase was collected and the aqueous phase was extracted with three portions 
of DCM (50 mL). The combined organic extracts were dried (MgSO4), filtered and 
concentration under vacuum. The crude residue was used in the subsequent 
transformation. 
The general procedure for Sonogashira coupling (vida supra) was employed using 
t-butyl-3-iodo-1H-indole-1-carboxylate (5.87 g, 17.1 mmol, 100 mol%) as the limiting 
reagent. The residue was purified by flash column chromatography (SiO2, 2% 
EtOAc/hexanes) to afford the title compound (4.09 g, 94% over three steps) as a clear 
syrup which was stored cold.  
 
1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 7.5 Hz, 1H), 7.72-7.62 (m, 2H), 7.38-7.27 
(m, 2H), 2.13 (s, 3H), 1.66 (s, 9H). 
13C NMR (100 MHz, CDCl3): δ 149.1, 134.5, 130.8, 128.1, 124.9, 123.0, 120.0, 115.1, 
104.0, 89.1, 84.0, 71.2, 28.1, 4.6. 
HRMS (CI) Calcd. for C16H17NO2 [M] +·: 255.1259, Found: 255.1261.  












Experimental Procedures and Spectroscopic Data for Preparation for the Coupling 
of Nonsymmetric Alkynes to Aldehydes 
General Procedure for the coupling of nonsymmetric alkynes 2.28-2.33 to aldehyde 
2.34-2.37 
To a pressure tube equipped with magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 
(13.2 mg, 0.015 mmol, 5 mol%) and Bu4NI (11.1 mg, 0.030 mmol, 10 mol%). The 
aldehyde (2.34-2.37) (0.30 mmol, 100 mol%) was added. The tube was sealed with a 
rubber septum, purged with argon and THF (1.5 mL, 0.2 M with respect to aldehyde), 
alkyne (0.60 mmol, 200 mol%) and HCO2H (22.6 μL, 0.6 mmol, 200 mol%) were added. 
The rubber septum was quickly replaced with a screw cap and the reaction was heated to 
the 65 °C for the indicated time. The reaction mixture was concentrated in vacuo and 










Experimental Procedures and Spectroscopic Data for Allylic Alcohols 2.38a-2.38f 
 (E)-1-(Benzyloxy)-3-phenylpent-3-en-2-ol (2.38a) 
 
General Procedure (via alkyne 2.28): The reaction was heated for 20 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (60.4 mg, 75%, >20:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.39-7.27 (m, 8H), 7.17 (m, 2H), 5.98 (dq, J = 6.8, 1.2 
Hz, 1H), 4.62-4.58 (m, 1H), 4.49 (s, 2H), 3.88 (dd, J = 9.6, 3.2 Hz, 1H), 3.31 (dd, J = 
9.6, 8.0 Hz, 1H), 2.68 (d, J = 3.2 Hz, 1H), 1.59 (dd, J = 6.8, 1.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 140.1, 138.1, 137.8, 129.1, 128.4, 128.1, 127.7, 126.9, 
124.0, 74.5, 73.5, 73.2, 14.3. 
HRMS (CI) Calcd. For C18H20O2 (M+): 268.1463, Found: 268.1462. 
FTIR (in CDCl3): 3446, 3053, 3028, 2920, 2857, 1502, 1454, 1435, 1201, 1103, 1071, 












General Procedure (via alkyne 2.29): In modification to the general procedure, the 
reaction was conducted at 1.0 M concentration. The reaction was heated for 20 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 10% 
EtOAc/hexanes) to furnish the title compound (60.0 mg, 67%, 11:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.38-7.26 (m, 5H), 7.09 (d, J = 6.8, 2.0 Hz, 2H), 6.88 (d, 
J = 6.8, 2.0 Hz, 2H), 5.93 (dq, J = 6.8, 1.2 Hz, 1H), 4.57-4.55 (m, 1H), 4.48 (s, 2H), 3.82 
(s, 3H), 3.47 (dd, J = 9.6, 3.2 Hz, 1H), 3.28 (dd, J = 9.6, 8.0 Hz, 1H), 2.61 (d, J = 3.2 Hz, 
1H), 1.59 (dd, J = 6.8, 0.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 158.5, 139.6, 137.9, 130.1, 128.4, 127.7, 123.8, 113.5, 
74.6, 73.7, 73.2, 55.2, 14.3. 
HRMS (CI) Calcd. For C19H22O3 (M+): 298.1569, Found: 298.1569. 
FTIR (in CDCl3): 3448, 3021, 2914, 2853, 1606, 1499, 1450, 1246, 1103, 1027, 827, 









 (E)-1-(4-(5-(Benzyloxy)-4-hydroxypent-2-en-3-yl)phenyl)ethanone (2.38c) 
 
General Procedure (via alkyne 2.30): In modification of the general procedure, the 
reaction was conducted at 0.5 M concentration. The reaction was heated for 20 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 10% 
EtOAc/hexanes) to furnish the title compound (74.5 mg, 80%, 8:1 rr) as a yellow oil. 
(Note: A mixture of 17:1 2.38c:allyl-2.38c was observed)  
 
1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 8.4 Hz, 2H), 7.35-7.24 (m, 7H), 5.99 (dq, J = 
6.8, 1.2 Hz, 1H), 4.58-4.54 (m, 1H), 4.45 (s, 2H), 3.43  (dd, J = 9.6, 3.2 Hz, 1H), 3.26 (d, 
J = 9.6, 8.0 Hz, 1H), 2.73 (d, J = 3.2 Hz, 1H), 2.59 (s, 3H), 1.56 (dd, J = 6.8, 1.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 197.8, 143.4, 139.4, 137.6, 135.7, 129.4, 128.4, 128.2, 
127.7, 125.2, 74.3, 73.3, 73.2, 26.5, 14.3. 
HRMS (CI) Calcd. For C20H23O3 [M-H]+: 311.1647, Found: 311.1646. 
FTIR (in CDCl3): 3439, 3034, 2905, 2852, 1677, 1601, 1545, 1401, 1357, 1268, 1099, 
















General Procedure (via alkyne 2.31): The reaction was heated for 20 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (55.1 mg, 67%, 11:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.38-7.28 (m, 6H), 7.03 (dd, J = 5.2, 3.6 Hz, 1H), 6.92 
(dd, J = 3.6, 1.2 Hz, 1H), 6.07 (dq, J = 6.8, 1.2 Hz, 1H), 4.63-4.60 (m, 1H), 4.52 (s, 2H), 
3.55 (dd, J = 9.6, 3.2 Hz, 1H), 3.37 (dd, J = 9.6, 8.4 Hz, 1H), 2.68 (d, J = 2.8 Hz, 1H), 
1.79 (dd, J = 6.8, 1.2 Hz, 3H)  
13C NMR (100 MHz, CDCl3): δ 138.5, 137.8, 132.9, 128.4, 127.7, 126.8, 126.7, 126.6, 
125.1, 74.7, 73.7, 73.2. 
HRMS (CI) Calcd. For C16H18O2S (M+): 275.1106, Found: 275.1105. 
FTIR (in CDCl3): 3420, 3026, 2915, 2853, 1453, 1362, 1312, 1226, 1209, 1097, 1068, 



















General Procedure (via alkyne 2.32): The reaction was heated for 20 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (94.1 mg, 77%, >20:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 7.6 Hz, 1H), 7.47 (s, 1H), 7.38-7.21 (m, 8H), 
6.16 (dq, J = 6.8, 1.2 Hz, 1H), 4.60-4.58 (m, 1H), 4.44 (s, 2H), 3.49 (dd, J = 9.6, 3.6 Hz, 
1H), 3.32 (dd, J = 9.6, 8.4 Hz, 1H), 2.64, (d, J = 3.2 Hz, 1H), 1.69 (s, 9H), 1.59 (J = 6.8, 
1.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 149.7, 137.8, 135.0, 131.4, 130.2, 128.3, 127.7, 127.5, 
124.3, 123.9, 122.6, 120.2, 117.3, 115.2, 83.7, 74.7, 73.6, 73.2, 28.2, 15.0. 
HRMS (CI) Calcd. For C25H29NO4 (M+): 407.2097, Found: 407.2097. 
FTIR (in CDCl3): 3461, 2977, 2914, 2849, 1727, 1457, 1375, 1259, 1159, 1068, 849, 









 (E)-1-(Benzyloxy)-3-(2-(benzyloxy)ethyl)pent-3-en-2-ol (2.38f) 
 
General Procedure (via alkyne 2.33): In modification to the general procedure, the 
reaction was conducted at 0.5 M concentration. The reaction was heated for 20 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 15% EtOAc/ 
hexanes) to furnish the title compound (60.7 mg, 62%, 14:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.37-7.27 (m, 10H), 5.70-5.65 (q, J = 6.8 Hz, 1H), 4.60-
4.52 (m, 4H), 4.28-4.24 (m, 1H), 3.57-3.42 (m, 4H), 3.30 (d, J = 3.2 Hz, 1H), 2.47-2.39 
(m, 2H), 1.65 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 138.1, 137.8, 136.2, 128.4, 128.3, 127.7, 127.6, 124.6, 
74.8, 73.6, 73.2, 73.0, 69.3, 27.4, 13.2. 
HRMS (CI) Calcd. For C21H27O3 [M+H]+: 327.1960, Found: 327.1959. 











Experimental Procedures and Spectroscopic Data for Allylic Alcohols 2.39a-2.39f 
(E)-3-Phenyldodec-2-en-4-ol (2.39a) 
 
General Procedure (via alkyne 2.28): The reaction was heated for 16 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (69.7 mg, 89%, >20:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.37-7.33 (m, 2H), 7.30-7.26 (m, 1H), 7.18-7.15 (m, 2H), 
5.79 (dq, J = 6.8, 0.8 Hz, 1H), 4.29 (t, J = 6.4 Hz, 1H), 1.65 (s, 1H), 1.55 (d, J = 6.8 Hz, 
3H), 1.48-1.35 (m, 2H), 1.31-1.24 (m, 12H), 0.88 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 144.4, 138.1, 129.3, 128.0, 126.8, 122.8, 76.9, 35.6, 
31.8, 29.5, 29.4, 29.2, 25.7, 22.6, 14.2, 14.1. 
HRMS (CI) Calcd. For C18H27O [M-H]+: 259.2062, Found: 259.2060. 







 (E)-3-(4-Methoxyphenyl)dodec-2-en-4-ol (2.39b) 
 
General Procedure (via alkyne 2.29): The reaction was heated for 16 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 8% EtOAc/ 
hexanes) to furnish the title compound (67.1 mg, 77%, 17:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.09 (dt, J = 9.2, 2.8 Hz, 2H), 6.89 (dt, J = 9.2, 2.8 Hz, 
2H), 5.75 (dq, J = 6.8, 0.8 Hz, 1H), 4.25 (t, J = 6.4 Hz, 1H), 3.81 (s, 3H), 1.63 (s, 1H), 
1.55 (dd, J = 6.8, 0.4 Hz, 3H), 1.45-1.34 (m, 2H), 1.32-1.23 (m, 12H), 0.87 (t, J = 6.8 Hz, 
3H). 
13C NMR (100 MHz, CDCl3): δ 158.4, 143.9, 130.3, 130.2, 122.8, 113.5, 77.0, 55.1, 
35.6, 31.8, 29.5, 29.5, 29.2, 25.7, 22.6, 14.3, 14.1. 
HRMS (CI) Calcd. For C19H30O2 (M+): 290.2246, Found: 290.2245. 
FTIR (in CDCl3): 3385, 2924, 2854, 1608, 1510, 1464, 1286, 1244, 1176, 1036, 908, 








General Procedure (via alkyne 2.30): The reaction was heated for 16 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 15% 
EtOAc/hexanes) to furnish the title compound (74.4 mg, 82%, 17:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.93 (dt, J = 8.4, 2.0 Hz, 2H), 7.28 (m, 2H), 5.84 (q, J = 
6.8 Hz, 1H), 4.30 (t, J = 6.4 Hz, 1H), 2.60 (s, 3H), 1.87 (s, 1H), 1.54 (d, J = 6.8 Hz, 3H), 
1.41-1.34 (m, 2H), 1.29-1.21 (m, 12H), 0.85 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 197.9, 143.6, 135.6, 129.6, 128.1, 124.0, 76.7, 35.6, 
31.8, 29.4, 29.4, 29.1, 26.5, 25.6, 22.6, 14.3, 14.0. 
HRMS (CI) Calcd. For C20H31O2 [M+H]+: 302.2324, Found: 303.2328. 
















 (Z)-3-(Thiophen-2-yl)dodec-2-en-4-ol (2.39d) 
 
General Procedure (via alkyne 2.31): The reaction was heated for 16 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (43.9 mg, 55%, 5:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.31 (dd, J = 5.2, 1.2 Hz, 1H), 7.05-7.02 (m, 1H), 6.91 
(dd, J = 3.6, 1.2 Hz, 1H), 5.90 (dq, J = 6.8, 0.8 Hz, 1H), 4.29 (t, J = 6.4 Hz, 1H), 1.75 (d, 
J = 6.8 Hz, 3H), 1.70 (s, 1H), 1.53-1.47 (m, 2H), 1.35-1.24 (m, 12H), 0.87 (t, J = 6.8, 
3H).  
13C NMR (100 MHz, CDCl3): δ 138.0, 137.2, 126.9, 126.6, 126.2, 125.1, 77.2, 35.7, 
31.8, 29.5, 29.4, 29.2, 25.8, 22.6, 14.8, 14.1. 
HRMS (CI) Calcd. For C16H26OS (M+): 266.1704, Found: 266.1700. 











 (E)-tert-Butyl 3-(4-hydroxydodec-2-en-3-yl)-1H-indole-1-carboxylate (2.39e) 
 
General Procedure (via alkyne 2.32): In modification to the general procedure, 10 
mol% of TBAI was employed. After the reaction was heated for 16 hours, concentrated 
in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/hexanes) to 
furnish the title compound (91.1 mg, 76%, >20:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 7.2 Hz, 1H), 7.49 (s, 1H), 7.37 (d, J = 7.6 Hz, 
1H), 7.33 (dt, J = 7.2, 1.2 Hz, 1H), 7.23 (m, 1H), 5.98 (q, J = 6.8 Hz, 1H), 4.31 (t, J = 6.4 
Hz, 1H), 1.69 (s, 10H), 1.56 (d, J = 6.4 Hz, 3H), 1.47-1.41 (m, 2H), 1.30-1.21 (m, 12H), 
0.86 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 150.7, 135.6, 135.0, 130.6, 126.4, 124.2, 123.6, 122.5, 
120.3, 117.1, 115.16, 83.6, 77.1, 35.8, 31.8, 29.5, 29.4, 29.2, 28.2, 26.0, 22.6, 15.0, 14.1. 
HRMS (CI) Calcd. For C25H37NO3 (M+): 399.2773, Found: 399.2776. 
FTIR (in CDCl3): 3438, 2926, 2854, 1733, 1450, 1371, 1339, 1252, 1155, 1067, 908, 











General Procedure (via alkyne 2.33): In modification to the general procedure, 10 
mol% of TBAI was employed. The reaction was heated for 16 hours, concentrated in 
vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/hexanes) to 
furnish the title compound (58.3 mg, 61%, >20:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.36-7.28 (m, 5H), 5.54 (q, J = 6.8 Hz, 1H), 4.53 (s, 2H), 
3.95-3.93 (m, 1H), 3.61-3.56 (m, 1H), 3.52-3.46 (m, 1H), 3.20 (d, J = 3.2 Hz, 1H), 2.41 
(t, J = 6.4 Hz, 2H), 1.62 (d, J = 6.8 Hz, 3H), 1.58-1.52 (m, 1H), 1.46-1.39 (m, 1H), 1.34-
1.20 (m, 12H), 0.88 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 139.7, 137.7, 128.4, 127.7, 127.6, 123.4, 77.2, 73.1 69.4, 
36.0, 31.9, 29.6, 29.3, 26.5, 26.0, 22.6, 14.1, 13.2. 
HRMS (CI) Calcd. For C21H33O2 (M-H+): 317.2481, Found: 317.2479. 










Experimental Procedures and Spectroscopic Data for Allylic Alcohols 2.40a-2.40f 
 (E)-2-(2-Hydroxy-3-phenylpent-3-enyl)-isoindoline-1,3-dione (2.40a) 
 
General Procedure (via alkyne 2.28): The reaction was heated for 16 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 20% EtOAc/ 
hexanes) to afford the title compound (83.1 mg, 90%, 18:1 rr) as a yellow syrup.  
 
1H NMR (400 MHz, CDCl3): δ 7.80 (dd, J = 5.4, 3.0 Hz, 2H), 7.69 (dd, J = 5.4, 3.0 Hz, 
2H), 7.38-7.32 (m, 2H), 7.30-7.20 (m, 3H), 5.95 (q, J = 6.8 Hz, 1H), 4.78-4.65 (m, 1H), 
3.77 (dd, J = 14.3, 3.9 Hz, 1H), 3.70 (dd, J = 14.3, 8.0 Hz, 1H), 2.81 (d, J = 6.1 Hz, 1H), 
1.58 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 168.7, 141.0, 137.2, 133.9, 131.8, 129.1, 128.2, 127.1, 
124.2, 123.2, 74.2, 43.7, 14.3. 
HRMS (CI) Calcd. for C19H18NO3 [M+H]+: 308.1287, Found: 308.1288. 










General Procedure (via alkyne 2.29): The reaction was heated for 16 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 20% EtOAc/ 
hexanes) to afford the title compound (89.1 mg, 88%, 18:1 rr) as a yellow syrup.  
 
1H NMR (400 MHz, CDCl3): δ 7.80 (dd, J = 5.5, 2.9 Hz, 2H), 7.69 (dd, J = 5.5, 2.9 Hz, 
2H), 7.16 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H), 5.91 (q, J = 6.8 Hz, 1H), 4.74-
4.63 (m, 1H), 3.79 (s, 3H), 3.76 (dd, J = 14.1, 3.9 Hz, 1H), 3.70 (dd, J = 14.1, 8.0 Hz, 
1H), 2.78 (d, J = 6.1 Hz, 1H), 1.58 (d, J = 6.8 Hz, 3H).  
13C NMR (100 MHz, CDCl3): δ 168.7, 158.6, 140.5, 133.9, 131.8, 130.2, 129.3, 123.9, 
123.2, 113.6, 74.2, 55.1, 43.7, 14.3. 
HRMS (CI) Calcd. for C20H19NO4 [M] +·: 337.1314, Found: 337.1310. 
FTIR (in CDCl3): 3469, 2936, 1771, 1704, 1607, 1510, 1467, 1429, 1392, 1244, 1033, 









 (E)-2-(3-(4-Acetylphenyl)-2-hydroxypent-3-enyl)-isoindoline-1,3-dione (2.40c) 
 
General Procedure (via alkyne 2.30): The reaction was heated for 16 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 30% EtOAc/ 
hexanes) to afford the title compound (90.0 mg, 86%, 8:1 rr) as a yellow foam. 
 
1H NMR (400 MHz, CDCl3): δ 7.93 (d, J = 8.5 Hz, 2H), 7.80 (dd, J = 5.6, 3.2 Hz, 2H), 
7.70 (dd, J = 5.6, 3.2 Hz, 2H), 7.35 (d, J = 8.5 Hz, 2H), 6.03 (q, J = 6.9 Hz, 1H), 4.79-
4.71 (m, 1H), 3.78 (dd, J = 14.3, 3.9 Hz, 1H), 3.71 (dd, 14.3, 7.8 Hz, 1H), 3.03 (d, J = 5.7 
Hz, 1H), 2.59 (s, 3H), 1.59 (d, J = 6.9 Hz, 3H).  
13C NMR (100 MHz, CDCl3): δ 197.8, 168.8, 142.7, 140.2, 135.8, 134.1, 131.8, 129.5, 
128.3, 125.5, 123.4, 74.0, 43.7, 26.6, 14.4.  
HRMS (CI) Calcd. for C21H19NO4 [M] +·: 349.1314, Found: 349.1314. 











General Procedure (via alkyne 2.31): The reaction was heated for 16 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 20% EtOAc/ 
hexanes) to afford the title compound (73.1 mg, 78%, 11:1 rr) as a yellow syrup.  
 
1H NMR (400 MHz, CDCl3): δ 7.82 (dd, J = 5.6, 3.1 Hz, 2H), 7.70 (dd, J = 5.6, 3.1 Hz, 
2H), 7.33-7.28 (m, 1H), 7.07-7.02 (m, 2H), 6.06 (q, J = 6.8 Hz, 1H), 4.78-4.68 (m, 1H), 
3.85 (dd, J = 14.3, 4.1 Hz, 1H), 3.79 (dd, J = 14.3, 7.8 Hz, 1H), 2.90 (d, J = 5.7 Hz, 1H), 
1.79 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 168.7, 137.5, 134.0, 133.9, 131.8, 127.0, 126.8, 126.7, 
125.5, 123.3, 74.5, 43.8, 14.8. 
HRMS (CI) Calcd. for C17H15NO3S [M] +·: 313.0773, Found: 313.0771. 













General Procedure (via alkyne 2.32): The reaction was heated for 16 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 20% EtOAc/ 
hexanes) to afford the title compound (127 mg, 95%, >20:1 rr) as a yellow syrup.  
 
1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 7.6 Hz, 1H), 7.75 (dd, J = 5.5, 3.1Hz, 2H), 
7.66 (dd, J = 5.5, 3.1 Hz, 2H), 7.61 (s, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.30 (d, J = 7.0 Hz, 
1H), 7.18 (dd, J = 7.8, 7.0 Hz, 1H), 6.14 (q, J = 6.8 Hz, 1H), 4.76-4.64 (m, 1H), 3.82 (dd, 
J = 14.3 Hz, 1H), 3.75 (dd, J = 14.3, 8.0 Hz, 1H), 2.90 (d, J = 6.7 Hz, 1H), 1.7 (s, 9H), 
1.56 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 168.6, 149.5, 135.0, 133.9, 132.3, 131.7, 130.0, 128.0, 
124.3, 124.1, 123.1, 122.6, 120.1, 116.1, 115.1, 83.7, 74.6, 43.7, 28.1, 15.0. 
HRMS (CI) Calcd. for C26H26N2O5 [M] +·: 446.1842, Found: 446.1845. 
FTIR (in CDCl3): 3460, 2980, 1772, 1705, 1450, 1392, 1371, 1250, 1154, 1071, 909, 







 (E)-2-(3-(2-(Benzyloxy)-ethyl)-2-hydroxypent-3-enyl)-isoindoline-1,3-dione (2.40f) 
 
General Procedure (via alkyne 2.33): In modification to the general procedure, the 
reaction was conducted at 2.0 M concentration.  The reaction was heated for 24 hours, 
concentrated in vacuo and purified by flash column chromatography (SiO2, 20% EtOAc/ 
hexanes) to afford the title compound (57.7 mg, 52%, >20:1 rr) as a viscous yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.82 (dd, J = 5.5, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 
2H), 7.37-7.24 (m, 5H), 5.54 (q, J = 6.9 Hz, 1H), 4.55 (s, 2H), 4.38-4.30 (m, 1H), 4.02 (d, 
J = 4.3 Hz, 1H), 3.84 (dd, J = 13.6, 7.0 Hz, 1H), 3.71 (dd, J = 13.6, 7.0 Hz, 1H), 3.64 
(ddd, J = 8.8, 5.2, 4.4 Hz, 1H), 3.47 (ddd, J = 9.8, 8.8, 4.4 Hz, 1H), 2.56 (ddd, J = 14.6, 
9.8, 5.2 Hz, 1H), 2.47 (ddd, J = 14.6, 4.4, 4.4 Hz, 1H), 1.52 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 168.4, 137.4, 137.2, 133.8, 132.0, 128.4, 127.8, 127.7, 
125.3, 123.2, 73.8, 73.2, 69.2, 42.6, 26.4, 13.2. 
HRMS (CI) Calcd. for C22H24NO4 [M+H] +: 366.1705, Found: 366.1703. 









Experimental Procedures and Spectroscopic Data for Allylic Alcohols 2.41a-2.41f 
(E)-1,2-Diphenylbut-2-en-1-ol (2.41a) 
 
General Procedure (via alkyne 2.28): In modification to the general procedure, The 
reaction was heated at 45 °C for 48 hours, concentrated in vacuo and purified by flash 
column chromatography (SiO2, 10% EtOAc/hexanes) to furnish the title compound (57.2 
mg, 85%, >20:1 rr) as a yellow oil. (Note: A mixture of 14:1 2.41a:allyl-2.41a was 
observed.)  
 
1H NMR (400 MHz, CDCl3): δ 7.31-7.24 (m, 8H), 7.00-6.98 (m, 1H), 5.95 (dq, J = 6.8, 
1.2 Hz, 1H), 5.46 (d, J = 3.6 Hz, 1H), 2.09 (m, 1H), 1.61 (dd, J = 6.8, 1.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 143.8, 142.2, 137.7, 129.4, 128.1, 127.9, 127.3, 126.9, 
126.6, 123.6, 78.4, 14.3. 
HRMS (CI) Calcd. For C16H16O (M+): 224.1201, Found: 224.1202. 
FTIR (in CDCl3): 3569.3366, 3056, 3027, 2915, 2853, 1499, 1437, 1056, 1006, 919, 758, 









 (E)-2-(4-Methoxyphenyl)-1-phenylbut-2-en-1-ol (2.41b) 
 
General Procedure (via alkyne 2.29): The reaction was heated for 20 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (64.1 mg, 84%, 9:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.32-7.21 (m, 5H), 6.91-6.87 (m, 2H), 6.81-6.78 (m, 2H), 
5.90 (dq, J = 6.8, 1.2 Hz, 1H), 5.42 (s, 1H), 3.77 (s, 3H), 2.07 (s, 1H), 1.58 (dd, J = 6.8, 
0.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 158.4, 143.3, 142.3, 130.5, 129.8, 128.1, 127.2, 126.6, 
123.5, 113.4, 78.5, 55.1, 14.4. 
HRMS (CI) Calcd. For C16H18O (M+): 254.1307, Found: 254.1309. 
FTIR (in CDCl3): 3408, 3028, 2936, 2908, 2832, 1882, 1606, 1508, 1454, 1287, 1245, 












General Procedure (via alkyne 2.30): In modification to the general procedure, 150 
mol% of HCO2H was employed. The reaction was heated for 20 hours, concentrated in 
vacuo and purified by flash column chromatography (SiO2, 15% EtOAc/hexanes) to 
furnish the title compound (63.1 mg, 79%, >20:1 rr) as a yellow oil. (Note: A mixture of 
17:1 6c:branched allylation product was observed) 
 
1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 8.4, 2H), 7.31-7.22 (m, 5H), 7.7.08 (d, J = 
8.4 Hz, 2H), 6.02 (dq, J = 6.8, 1.2 Hz, 1H), 5.47 (d, J = 3.6 Hz, 1H), 2.57  (s, 3H), 2.16 
(d, J = 4.0 Hz, 1H), 1.559 (dd, J = 6.8, 1.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 197.9, 143.3, 143.1, 141.8, 135.6, 129.7, 128.2, 128.0, 
127.5, 126.5, 124.5, 78.3, 26.5, 14.4. 
HRMS (CI) Calcd. For C18H19O2 (M+H+): 267.1385, Found: 267.1385. 
FTIR (in CDCl3): 3435, 3030, 2914, 2847, 1677, 1606, 1397, 1357, 1263, 1179, 1059, 










General Procedure (via alkyne 2.31): The reaction was heated for 20 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (27.6 mg, 40%, 8:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.38-7.24 (m, 5H), 7.22 (dd, J = 5.2, 1.2 Hz, 1H), 6.95 
(dd, J = 5.2, 3.6 Hz, 1H), 6.76 (dd, J = 3.6, 1.2 Hz, 1H), 6.07  (dq, J = 6.8, 1.2 Hz, 1H), 
5.48 (d, J = 4.4 Hz, 1H), 2.12 (d, J = 4.8  Hz, 1H), 1.83 (dd, J = 7.2, 0.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 141.9, 138.0, 136.5, 128.2, 127.5, 127.2, 126.8, 126.6, 
126.5, 125.3, 78.4, 15.0. 
HRMS (CI) Calcd. For C14H14OS (M+): 230.0765, Found: 230.0764. 
FTIR (in CDCl3): 3379, 3068, 3023, 2857, 1950, 1495, 1445, 1226, 1201, 1043, 1006, 











(E)-tert-Butyl 3-(1-hydroxy-1-phenylbut-2-en-2-yl)-1H-indole-1-carboxylate (2.41e) 
 
General Procedure (via alkyne 2.32): The reaction was heated for 20 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/ 
hexanes) to furnish the title compound (68.7 mg, 63%, >20:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 8.11 (d, J = 7.2 Hz, 1H), 7.37-7.34 (m, 2H), 7.31-7.21 
(m, 5H), 7.19-7.15 (m, 1H), 7.03 (s, 1H), 6.15 (dq, J = 6.8, 1.2 Hz, 1H), 5.46 (d, J = 3.2 
Hz, 1H), 2.09 (d, J = 4.4 Hz, 1H), 1.63 (s, 9H), 1.60 (dd, J = 6.8, 0.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 149.6, 142.2, 135.1, 130.4, 128.1, 127.4, 126.9, 126.6, 
124.2, 124.0, 122.5, 120.1, 116.8, 115.0, 83.5, 78.3, 28.1, 15.1. 
HRMS (CI) Calcd. For C23H25NO3 (M+): 363.1834, Found: 363.1836. 
FTIR (in CDCl3): 3457, 2981, 2928, 2247, 1726, 1450, 1370, 1250, 1148, 1054, 907, 













General Procedure (via alkyne 2.33): The reaction was heated for 20 hours, con-
centrated in vacuo and purified by flash column chromatography (SiO2, 15% EtOAc/ 
hexanes) to furnish the title compound (52.5 mg, 62%, >20:1 rr) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.39-7.30 (m, 9H), 7.25-7.21 (m, 1H), 5.78 (q, J = 6.8 
Hz, 1H), 5.17 (d, J = 4.0 Hz, 1H), 4.54 (s, 2H), 4.10 (d, J = 4.4 Hz, 1H), 3.51-3.42 (m, 
2H), 2.35-2.29 (dt, J = 14.4, 4.4 Hz, 1H), 2.33-2.14 (m, 1H), 1.66 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 143.5, 139.7, 137.5, 128.4, 128.0, 127.8, 127.7, 126.7, 
126.0, 125.1, 78.6, 73.2, 69.0, 26.8, 13.3. 
HRMS (CI) Calcd. For C19H21O2 [M-H]+: 281.1542, Found: 281.1544. 
FTIR (in CDCl3): 3399, 3025, 2923, 2861, 1597, 1495, 1450, 1361, 1192, 1094, 1023, 












Alkyne 2.28a or deuterio-2.28a was subjected to various experiments (Equation 1-11) 
employing aldehyde 2.34 or deuterio-2.34, and HCO2H or DCO2H or DCO2D under 
otherwise same conditions, to afford 1-(benzyloxy)-3-phenylpent-3-en-2-ol. The extent of 
deuterium incorporation was determined in the isolated product deuterio-2.28-
(benzyloxy)-3-phenylpent-3-en-2-ol by integration of the corresponding signals in 1H 








                                                          
































































































2.6.4 Experimental Details for Section 2.5 
General Experimental Details All reactions were run under an atmosphere of argon, 
unless otherwise indicated. Anhydrous solvents were transferred via oven-dried syringe. 
Reaction tubes were oven-dried and cooled under a stream of argon. Reactions tubes 
were purchased from Fischer Scientific (catalog number 14-959-35C). THF and toluene 
were purified by distilling from sodium and benzophenone. RuHCl(CO)(PPh3)3 is 
commercially available, but was synthesized in one step from RuCl3·nH2O according to 
the literature procedure27 for this work. Other metal catalysts were used as received from 
commercial suppliers. Commercially available aldehydes were purified via distillation in 
a Hickman still and iodomethane was passed through a plug of activated alumina 
immediately prior to use. All other materials and reagents were used as received from 
commercial suppliers. Analytical thin-layer chromatography (TLC) was carried out using 
0.2-mm commercial silica gel plates (DC-Fertigplatten Kieselgel 60 F254) and products 
were visualized by UV, KMnO4 and/or anisaldehyde stain. Preparative column 
chromatography employing silica gel was performed according to the method of Still.  
Infrared spectra were recorded on a Perkin-Elmer 1600 spectrometer. High-resolution 
mass spectra (HRMS) were obtained on a Karatos MS9 and are reported as m/z (relative 
intensity). Accurate masses are reported for the molecular ion [M+H]+ or a suitable 
fragment ion. Melting points were obtained on a Thomas-Hoover Unimelt apparatus and 
are uncorrected. Proton nuclear magnetic resonance (1H NMR) spectra were recorded 
with a Varian Gemini (400 MHz) spectrometer. Chemical shifts are reported in delta (δ) 
                                                          
27 Ahmad, N.; Levison, J. J.; Robinson, S. D.; Uttley, M. F. Inorg. Synth. 1974, 15, 45. 
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units, parts per million (ppm) downfield from tetramethylsilane or ppm relative to the 
center of the singlet at 7.26 ppm for deuteriochloroform. Coupling constants are reported 
in Hertz (Hz). Carbon-13 nuclear magnetic resonance (13C NMR) spectra were recorded 
with a Varian Gemini or 400 (100 MHz) spectrometer. Chemical shifts are reported in 
















Experimental Procedures for Preparation for Enynes 2.49b-2.49d 
 2-Methylhex-5-en-3-yn-2-ol (2.49b) 
 
This compound was prepared via a modification of a published procedure.28 CuI (280 mg, 
1.47 mmol, 1.4 mol%) and Pd(PPh3)4 (280 mg, 0.242 mmol, 0.2 mol%) were dissolved in 
50 mL diethylamine (stored over KOH pellets). THF (140 mL) was added, and the 
resulting solution was cooled to 0 oC. Methyl-3-yn-2-ol (10 mL, 104 mmol, 1 equiv) was 
added dropwise to the solution. Vinyl bromide (14 mL, 208 mmol, 2 equiv) was cooled to 
0 oC and added as a liquid. The reaction was gradually allowed to warm to room 
temperature overnight. After 12 hours, the reaction mixture was poured into ice-cold 
water and extracted with diethyl ether (3 x 175 mL). The combined organic layers were 
washed with 2M HCl (2 x 100 mL), followed by a brine wash and then dried over 
Na2SO4. The crude product was concentrated and distilled to give 2.49b (10.42 g, 91% 
yield) as a colorless liquid. 1H and 13C NMR were consistent with literature values.28 This 
material should be stored in the freezer to prolong shelf life. 
 
1H NMR (400 MHz, CDCl3): δ 5.77 (dd, J = 19.0, 11.0 Hz, 1H), 5.61-5.55 (m, 1H), 5.45-
5.41 (m, 1H), 2.45 (br s, 1H), 1.51 (s, 6H). 
13C NMR (75 MHz, CDCl3): δ 127.0, 116.7, 94.4, 80.8, 65.5, 31.3. 
Rf: 0.63 (2:1 Hexanes:EtOAc) 
                                                          





NaH (120 mg, 2.49 mmol, 1.2 equiv of a 60% suspension in mineral oil) was added to a 
dry flask and washed three times with Hexanes and then suspended in 6 mL THF. This 
mixture was cooled to 0 oC. A solution of enyne 2.49b (274.5 mg, 2.49 mmol, 1 equiv) in 
7.5 mL THF was added dropwise and the reaction was stirred for 15 minutes and the ice 
bath was removed. MeI (0.31 mL, 5.0 mmol, 2 equiv) was added, and the reaction was 
stirred at room temperature. When complete by TLC, the reaction was quenched with 
water and extracted with diethyl ether (3 x 20 mL). The combined organic fractions were 
washed with brine, dried over Na2SO4, filtered and concentrated. The residue was 
purified via flash chromatography (SiO2, 2% Et2O/pentane) to give 278.3 mg (90% yield) 
of 2.49c as a colorless liquid. This material was characterized by 1H NMR prior to use. 
This material should be stored in the freezer to prolong shelf life. 
 
1H NMR (300 MHz, CDCl3) δ 5.82 (dd, J = 18.0, 11.0 Hz, 1H), 5.62 (dd, J = 18.0, 2.3 
Hz, 1H), 5.46 (dd, J = 11.0, 2.3 Hz, 1H), 3.36 (s, 3H), 1.46 (s, 6H). 





4-Methyl-N-(pent-4-en-2-yn-1-yl)benzene sulfonamide (2.49d) 
 
CuI (25 mg, 131 µmol, 1.4 mol%) and Pd(PPh3)4 (25 mg, 22 µmol, 0.2 mol%) were 
dissolved in 5 mL diethylamine (stored over KOH pellets). THF (13 mL) was added, and 
the resulting solution was cooled to 0 oC. 4-Methyl-N-(prop-2-yn-1-yl)29 (2.00 g, 9.55 
mmol, 1 equiv) was added as a solid to the solution. Vinyl bromide (14 mL, 208 mmol, 2 
equiv) was cooled to 0 oC and added as a liquid. The reaction was gradually allowed to 
warm to room temperature overnight. After 12 hours, the reaction mixture was poured 
into ice-cold water and extracted with diethyl ether (3 x 175 mL). The combined organic 
layers were washed with water, followed by a brine wash and then dried over Na2SO4. 
The residue was purified via flash chromatography (SiO2, 4:1 hexanes:EtOAc) to give 
1.91 g (85% yield) of enyne 2.49d as a fluffy pale yellow solid. 
 
1H NMR (300 MHz, CDCl3): δ 7.80 (m, 2H), 7.33 (m, 2H), 5.63-5.39 (m, 3H), 4.54 (br s, 
1H), 3.98 (m, 2H), 2.45 (s, 3H). 
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Experimental Procedures for Preparation for Aldehydes 2.52c, 2.52g-Bn, 2.52g-
TIPS & 2.52i 
4-((Triisopropylsilyl)oxy)butanal (2.51c)  
 
NaH (60%  suspension in oil, 1.8 g, 44 mmol, 110 mol%) was suspended in anhydrous 
THF (0.70 M, 57 mL) in an oven-dried round bottom flask under the atmosphere of N2. 
The suspension was cooled to 0 °C and was added 1,4-butandiol (3.0 g, 40 mmol, 100 
mol%l) dropwise over 20 min. Upon addition completion, the solution mixture was 
allowed to stir at 0 °C for an additional 30 min, at which point triisopropylsilyl chloride  
(4.1 mL, 40 mmol, 100 mol%) was added dropwise over 20 min. The reaction was 
allowed to warm up to ambient temperature and stirred for 12 hours. The reaction 
mixture was then quenched by NH4Cl sat. aqueous solution, and was extracted with ether. 
The organic layer was dried over MgSO4, and concentrated in vacuo. Crude product was 
purified by flash chromatography (SiO2, 20% EtOAc/hexanes) to afford 4-
(triisopropylsilyloxy)butan-1-ol as colorless oil (8.5 g, 86% yield). 
4-(Triisopropylsilyloxy)butan-1-ol (4.9 g, 20 mmol, 100 mol%) was dissolved in dry 
CH2Cl2 (0.3 M, 60 mL total) at ambient temperature under N2. To the stirring solution 
mixture was then added Dess-Martin periodinane (10.1 g, 24 mmol, 120 mol%). The 
reaction mixture was allowed to stir at ambient temperature for 1.5 hours, at which point 
NaHCO3 sat. aqueous solution was added. The mixture was extracted with CH2Cl2, and 
the organic layer was dried over MgSO4, filtered and concentrated in vacuo. Crude 
product was purified by flash chromatography (SiO2, 5% EtOAc/hexanes) to afford 4-
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(triisopropylsilyloxy)butanal as colorless oil (4.4 g, 91% yield). 1H NMR data were 
consistent with literature values.30 
  
1H NMR (400 MHz, CDCl3): δ 9.80 (t, J = 1.9 Hz, 1H), 3.73 (t, J = 5.8 Hz, 2H), 2.54 (dt, 















                                                          
30 M. Delgado, J. D. Martín, J. Org. Chem.1999, 64, 4798.  
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3-(Benzyloxy)propanal (2.51g-Bn)  
 
Sodium hydride (0.88 g, 22 mmol, 1.1 equiv) was suspended in 60 mL dry DMF and the 
suspension was cooled to 0 oC. 1,3-Propanediol (1.45 mL, 20 mmol, 1 equiv) was added 
dropwise, and the reaction was stirred for 30 minutes at 0 oC. Benzyl bromide (2.4 mL, 
20 mmol, 1 equiv) was added dropwise, and then the reaction was allowed to gradually 
warm to room temperature overnight. After 12 hours, the reaction was quenched with 
water and extracted with EtOAc (4 x 50 mL). The combined organic washes were 
washed with water to removed DMF (3 x 50 mL). The organic layer was then dried over 
Na2SO4, concentrated and filtered. The residue was purified via flash chromatography 
(SiO2, 3:1 hexanes:EtOAc) to give 1.76 g (53%) 3-(benzyloxy)propan-1-ol as a colorless 
oil. 1H NMR data were consistent with literature values.31 
 
1H NMR (400 MHz, CDCl3): δ 7.38 (m, 5H), 4.52 (s, 2H), 3.81-3.77 (m, 2H), 3.67 (t, J = 
6.2 Hz, 2H), 2.31 (br s, 1H), 1.87 (pent, J = 6.2 Hz, 2H) 
 
3-(Benzyloxy)propan-1-ol (1.60 g, 9.6 mmol, 1 equiv) and 2-iodoxybenzoic acid (IBX, 
3.50 g, 12.5 mmol, 1.3 equiv) were combined in a dry flask. THF (15 mL) and DMSO 
(15 mL) were added and the reaction was stirred at room temperature overnight. Water 
(10 mL) was added, and the suspension was stirred for 10 minutes. The mixture was 
filtered, extracted with diethyl ether (3 x 50 mL). The combined organic washes were 
                                                          
31 Frankowski, K. J.; Golden, J. E.; Zeng, Y.; Aubé, J. J. Am. Chem. Soc. 2008, 130, 6018.  
269 
 
washed with water, then brine and concentrated. The residue was purified via flash 
chromatography (SiO2, 4:1 hexanes:EtOAc) to give aldehyde 2.52g-Bn as a colorless oil. 
1H NMR data were consistent with literature values.32 
 
1H NMR (400 MHz, CDCl3): δ 9.80 (t, J = 2.0 Hz, 1H), 7.38-7.28 (m, 5H), 4.54 (s, 2H), 














                                                          
32 Achoori, R. K.; Harikumar, K. B.; Batchu, V. R.; Aggarwal, B. B.; Khan, S. R. Bioorg. Med. Chem. 
2010, 18, 229. 
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3-((Triisopropylsilyl)oxy)propanal (2.52g-TIPS)  
 
NaH (60%  suspension in oil, 1.8 g, 44 mmol, 110 mol%) was suspended in anhydrous 
THF (0.70 M, 57 mL) in an oven-dried round bottom flask under the atmosphere of N2. 
The suspension was cooled to 0 °C and was added 1,4-butandiol (3.0 g, 40 mmol, 100 
mol%l) dropwise over 20 min. Upon addition completion, the solution mixture was 
allowed to stir at 0 °C for an additional 30 min, at which point triisopropylsilyl chloride  
(4.1 mL, 40 mmol, 100 mol%) was added dropwise over 20 min. The reaction was 
allowed to warm up to ambient temperature and stirred for 12 hours. The reaction 
mixture was then quenched by NH4Cl sat. aqueous solution, and was extracted with ether. 
The organic layer was dried over MgSO4, and concentrated in vacuo. Crude product was 
purified by flash chromatography (SiO2, 20% EtOAc/hexanes) to afford 3-
(triisopropylsilyloxy)propan-1-ol as colorless oil (7.3 g, 78% yield). 
 
3-(Triisopropylsilyloxy)propan-1-ol (4.6 g, 20 mmol, 100 mol%) was dissolved in 1:1 
DMSO/THF (0.3 M, 60 mL total) at ambient temperature. To the stirring solution 
mixture was then added 2-iodoxybenzoic acid (7.3 g, 26 mmol, 130 mol%). The reaction 
mixture was allowed to stir at ambient temperature for 3 hours, at which point the white 
precipitates were filtered through a fritted funnel. The mixture was extracted with ether, 
and the organic layer was dried over MgSO4, filtered and concentrated in vacuo. Crude 
product was purified by flash chromatography (SiO2, 5% EtOAc/hexanes) to afford 3-
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(triisopropylsilyloxy)propanal as colorless oil (3.9 g, 85% yield). 1H NMR data were 
consistent with literature values.33  
 
1H NMR (400 MHz, CDCl3): δ 9.83 (t, J = 2.4 Hz, 1H), 4.08 (t, J = 6 Hz, 2H), 2.61 (t, J 













                                                          
33 Y. S. Park, C. I. Grove, M. González-López, S. Urgaonkar, J. C. Fettinger, J. T. Shaw, Angew. Chem., 
Int. Ed. 2011, 50, 3730. 
272 
 
3-(Benzyloxy)-2,2-dimethylpropanal (2.52i)  
 
Sodium hydride (0.88 g, 22 mmol, 1.1 equiv) was suspended in 60 mL dry DMF and the 
suspension was cooled to 0 oC. Neopentyl glycol (2.09 g, 20 mmol, 1 equiv) as a solution 
in 10 mL DMF was added dropwise, and the reaction was stirred for 30 minutes at 0 oC. 
Benzyl bromide (2.4 mL, 20 mmol, 1 equiv) was added dropwise, and then the reaction 
was allowed to gradually warm to room temperature overnight. After 12 hours, the 
reaction was quenched with water and extracted with EtOAc (4 x 50 mL). The combined 
organic washes were washed with water to removed DMF (3 x 50 mL). The organic layer 
was then dried over Na2SO4, concentrated and filtered. The residue was purified via flash 
chromatography (SiO2, 3:1 hexanes:EtOAc) to give 3.01 g (77%) 3-(benzyloxy)-2,2-
dimethylpropan-1-ol as a colorless oil. This material was characterized by 1H NMR. 
 
1H NMR (400 MHz, CDCl3): δ 7.38-7.27 (m, 2H), 4.51 (s, 2H), 3.46 (d, J = 6 Hz, 2H), 
3.33 (s, 2H), 0.93 (s, 6H). 
 
3-(Benzyloxy)-2,2-dimethylpropan-1-ol (0.87 g, 4.48 mmol, 1 equiv) and 2-iodoxy-
benzoic acid (IBX, 1.23 g, 4.5 mmol, 1 equiv) were combined in a dry flask. THF (10 
mL) and DMSO (10 mL) were added and the reaction was stirred at room temperature 
overnight. Water (10 mL) was then added, and the suspension was stirred for 10 minutes. 
The mixture was filtered, extracted with diethyl ether (3 x 50 mL). The combined organic 
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washes were washed with water, then brine and concentrated. The residue was purified 
via flash chromatography (SiO2, 4:1 hexanes:Et2O) to give aldehyde 2.52i as a colorless 
oil. 1H NMR data were consistent with literature values.34 
 
1H NMR (400 MHz, CDCl3): δ 9.57 (s, 1H), 7.37-7.24 (m, 5H), 4.51 (s, 2H), 3.45 (s, 
















                                                          
34 M. A. Blanchette, M. S. Malamas, M. H. Nantz, J. C. Roberts, P. Somfai, D. C. Whritenour, S. 
Masamune, J. Org. Chem. 1989, 54, 2817. 
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Ruthenium Catalyzed Propargylation of Aldehydes from 1,3-Enynes 
2,5-Dimethyldodec-3-yne-2,6-diol (2.51a) 
 
To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.3 mL, 1.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), heptanal 2.52a (42 μL, 0.3 mmol, 1 
equiv) and i-PrOH (115 μL, 1.5 mmol, 5 equiv). The septum was replaced with a screw 
cap and the reaction was placed in 90 oC oil bath. After 48 h, the reaction vessel was re-
moved from the oil bath and was allowed to cool to room temperature. The volatiles were 
removed and the residue was purified by flash chromatography. Homopropargylic alco-
hol 2.52a was isolated as a colorless oil (44.3 mg, 0.196 mmol, 5.5:1 dr) in 65% yield. 
 
1H NMR (400 MHz, CDCl3): δ 3.55-3.51 (m, 0.19 H), 3.41-3.36 (m, 1H), 2.59-2.47 (m, 
1.8H), 1.54-1.40 (m, 5H), 1.49 (s, 6H). 1.36-1.23 (m, 9H), 1.18 (d, J = 6.9 Hz, 3H), 1.12 
(d, J = 7.0 Hz, 0.56H,), 0.89-0.85 (m, 3.9H). 
13C NMR (100 MHz, CDCl3): δ 88.0, 87.2, 84.0, 82.8, 74.5, 74.2, 65.1, 65.0, 35.2, 33.3, 
32.8, 32.6, 31.8, 31.7, 31.6, 29.3, 25.9, 25.7, 22.6, 17.7, 15.6, 14.1. 
Rf: 0.10 (2:1 hexanes:EtOAc) 
FTIR (neat): 3342, 2955, 2928, 2856, 1457, 1356, 1361 cm-1. 










 2,5,7-Trimethyloct-3-yne-2,6-diol (2.51b) 
 
To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (20.0 mg, 0.021 mmol, 7 mol%) and DPPB (9.0 mg, 0.021 mmol, 7 
mol%). The pressure tube was purged with argon and THF (0.3 mL, 1.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), i-butyraldehyde 2.52b (27 δμL, 0.3 
mmol, 1 equiv) and i-PrOH (115 μL, 1.5 mmol, 5 equiv). The septum was replaced with 
a screw cap and the reaction was placed in 100 oC oil bath. After 48 h, the reaction vessel 
was removed from the oil bath and was allowed to cool to room temperature. The 
volatiles were removed and the residue was purified by flash chromatography. 
Homopropargylic alcohol 2.51b was isolated as a colorless solid (40.2 mg, 0.218 mmol, 
>20:1 dr) in 73% yield.  
 
1H NMR (400 MHz, CDCl3): δ 3.04-3.00 (m, 1H), 2.96 (br s, 1H), 2.71-2.64 (m, 1H), 
2.25 (br s, 1H), 1.79 (s, J = 6.8 Hz, 1H), 1.48 (s, 6H), 1.19 (d, J = 6.8 Hz, 1H), 0.97 (d, J 
= 6.6 Hz, 3H), 0.92 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 87.9, 82.6, 79.7, 65.0, 31.9, 31.7, 31.6, 19.5, 18.3, 17.9. 
Rf: 0.07 (2:1 hexanes:EtOAc) 
MP: 78-82 oC 
FTIR (neat): 3347, 2975, 2931, 2872, 1457, 1374, 1360, 1292 cm-1. 










 2,5-Dimethyl-9-((triisopropylsilyl)oxy)non-3-yne-2,6-diol (2.51c) 
 
To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (20.0 mg, 0.021 mmol, 7 mol%) and DPPB (9.0 mg, 0.021 mmol, 7 
mol%). The pressure tube was purged with argon and THF (0.15 mL, 2.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), aldehyde 2.52c (62 μL, 0.3 mmol, 1 
equiv) and i-PrOH (115 μL, 1.5 mmol, 5 equiv). The septum was replaced with a screw 
cap and the reaction was placed in 100 oC oil bath. After 48 h, the reaction vessel was 
removed from the oil bath and was allowed to cool to room temperature. The volatiles 
were removed and the residue was purified by flash chromatography. Homopropargylic 
alcohol 2.51c was isolated as a colorless oil (56.4 mg, 4:1 dr). 
 
1H NMR (400 MHz, CDCl3): δ 3.76-3.69 (m, 2H), 3.48-3.44 (m, 1H), 2.82 (br s, 1H), 
2.58-2.49 (m, 1H), 1.72-1.52 (m, 4H), 1.48 (s, 6H), 1.18 (d, J = 7 Hz, 3H), 1.12-0.97 (m, 
20H). 
13C NMR (100 MHz, CDCl3): δ 87.7, 83.1, 74.2, 65.0, 63.5, 32.7, 31.9, 31.72, 31.65, 
18.0, 17.4, 11.9. 
Rf: 0.38 (2:1 hexanes:EtOAc) 
FTIR (neat): 3357, 2979, 2933, 1451, 1375, 1160, 973 cm-1. 










To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.15 mL, 2.0 M) was added, 
followed by enyne 2.49b (36 µL, 0.3 mmol, 1 equiv), i-valeraldehyde 2.52d (96 μL, 0.9 
mmol, 3 equiv) and i-PrOH (230 μL, 3 mmol, 10 equiv). The septum was replaced with a 
screw cap and the reaction was placed in 90 oC oil bath. After 48 h, the reaction vessel 
was removed from the oil bath and was allowed to cool to room temperature. The 
volatiles were removed and the residue was purified by flash chromatography. 
Homopropargylic alcohol 2.51d was isolated as a colorless oil (48.5 mg, 0.244 mmol, 5:1 
dr) in 81% yield. 
1H NMR (400 MHz, CDCl3): δ 3.64-3.60 (m, 0.19H), 3.51-3.46 (m, 1H), 2.60-2.53 (m, 
0.14H, 2.50-2.44 (m, 1H), 2.08 (br s, 2H), 1.86-1.76 (m, 1.5H), 1.50 (s, 6H), 1.50-1.42 
(m, 2.6H), 1.35-1.25 (m, 1.6H), 1.19 (d, J = 7 Hz, 3H), 1.11 (m, 0.6H), 0.98-0.89 (m, 
7.5H). 
13C NMR (100 MHz, CDCl3): δ 87.9, 87.1, 83.9, 82.8, 72.4, 72.1, 64.9, 44.3, 33.2, 32.9, 
31.6, 31.5, 24.5, 23.6, 23.43, 23.36, 21.8, 21.7, 17.6, 15.4.  
Rf: 0.16 (2:1 hexanes:EtOAc) 
FTIR (neat): 3355, 2956, 2931, 2870, 1465, 1366, 1296 cm-1. 












To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.15 mL, 2.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), cyclopropanecarboxaldehyde 2.52e 
(22 μL, 0.3 mmol, 1 equiv) and i-PrOH (115 μL, 1.5 mmol, 5 equiv). The septum was 
replaced with a screw cap and the reaction was placed in 90 oC oil bath. After 48 h, the 
reaction vessel was removed from the oil bath and was allowed to cool to room tempera-
ture. The volatiles were removed and the residue was purified by flash chromatography. 
Homopropargylic alcohol 2.51e was isolated as a colorless oil (39.7 mg, 0.218 mmol, 4:1 
dr) in 72% yield. 
 
1H NMR (400 MHz, DMSO-d6): δ 4.84 (s, 1H), 4.34 (d, J = 5.2 Hz, 1H), 3.16 (s, 1H), 
2.64-2.57 (m, 1H), 2.38-2.30, (m, 1H), 1.13 (s, 6H), 0.90 (d, J = 6.8 Hz, 3H), 0.25-0.14 
(m, 2H), 0.12 -0.01 (m, 2H). 
13C NMR (100 MHz, DMSO-d6): δ 87.5, 82.9, 75.9, 63.2, 32.4, 32.0, 16.7, 14.5, 2.2 
Rf: 0.13 (2:1 hexanes:EtOAc) 
FTIR (neat): 3364, 2977, 2932, 2883, 1446, 1379, 1228, 1152 cm-1. 











To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.15 mL, 2.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), cycloHexanescarboxaldehyde 2.52f 
(36 μL, 0.3 mmol, 1 equiv) and i-PrOH (161 μL, 2.1 mmol, 7 equiv). The septum was re-
placed with a screw cap and the reaction was placed in 90 oC oil bath. After 48 h, the 
reaction vessel was removed from the oil bath and was allowed to cool to room tempera-
ture. The volatiles were removed and the residue was purified by flash chromatography. 
Homopropargylic alcohol 2.51f was isolated as a colorless solid (57.1 mg, 0.254 mmol, 
>20:1 dr) in 85% yield. 
1H NMR (400 MHz, CDCl3): δ 3.08-3.04 (m, 1H), 2.71-2.64 (m, 1H), 1.97-1.91 (m, 1H), 
1.78-1.70 (m, 2H), 1.67-1.61 (m, 2H), 1.48 (s, 6H), 1.26-0.93 (m, 6H), 1.18 (d, J = 7 Hz, 
3H). 
13C NMR (100 MHz, CDCl3): δ 87.9, 82.8, 78.8, 41.7, 31.8, 31.6, 29.63, 29.57, 28.3, 
26.4, 26.3, 26.0, 18.3. 
Rf: 0.17 (2:1 hexanes:EtOAc) 
MP: 89-92 oC 
FTIR (neat): 3331, 2983, 2930, 2852, 1447, 1412, 1374, 1359, 1345 cm-1. 











To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (20.0 mg, 0.021 mmol, 7 mol%) and DPPB (9.0 mg, 0.021 mmol, 7 
mol%). The pressure tube was purged with argon and THF (0.15 mL, 2.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), aldehyde 2.52g (48 μL, 0.3 mmol, 
1 equiv) and i-PrOH (115 μL, 1.5 mmol, 5 equiv). The septum was replaced with a screw 
cap and the reaction was placed in 100 oC oil bath. After 48 h, the reaction vessel was re-
moved from the oil bath and was allowed to cool to room temperature. The volatiles were 
removed and the residue was purified by flash chromatography. Homopropargylic 
alcohol 2.51g-Bn was isolated as a colorless oil (49.4 mg, 0. 179 mmol, 10:1 dr) in 59% 
yield. 
 
1H NMR (400 MHz, CDCl3: δ 7.36-7.27 (m, 5H), 4.52 (s, 2H), 3.76-3.61 (m, 3H), 2.57-
2.50 (m, 1H), 1.91-1.77 (m, 2H), 1.48 (s, 6H), 1.19 (d, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 138.0, 128.4, 127.7, 87.7, 82.9, 73.2, 72.9, 68.4, 64.9, 
34.3, 32.7, 31.7, 31.6, 17.1. 
Rf: 0.14 (2:1 hexanes:EtOAc) 
FTIR (neat): 3373, 2974, 2933, 2870, 1717, 1451, 1356 cm-1. 












To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.3 mL, 1.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), aldehyde 2.52g-TIPS (69.1 mg, 0.3 
mmol, 1 equiv) and i-PrOH (115 μL, 1.5 mmol, 5 equiv). The septum was replaced with 
a screw cap and the reaction was placed in 90 oC oil bath. After 48 h, the reaction vessel 
was removed from the oil bath and was allowed to cool to room temperature. The 
volatiles were removed and the residue was purified by flash chromatography. 
Homopropargylic alcohol 2.51g-TIPS was isolated as a colorless oil (53.2 mg, 5:1 dr). 
 
1H NMR (400 MHz, CDCl3): δ 4.03-3.85 (m, 2H), 3.76 (m, 1H), 2.56 (m, 1H), 1.84-1.66 
(m, 2H), 1.47 (s, 6H), 1.18 (d, J = 7 Hz, 3H), 1.14-1.01 (m, 18H). 
13C NMR (100 MHz, CDCl3): δ 87.3, 87.0, 84.0, 83.3, 75.4, 73.8, 65.1, 65.0, 63.3, 62.6, 
36.0, 35.5, 32.7, 32.5, 31.7, 31.6, 30.8, 26.0, 25.9, 17.9, 17.0, 16.5, 16.5, 11.8, 11.7.  
Rf: 0.10 (2:1 hexanes:EtOAc) 
FTIR (neat): 3357, 2979, 2933, 1451, 1375, 1160, 973 cm-1. 










To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.15 mL, 2.0 M) was added, 
followed by enyne 2.49b (36 µL, 0.3 mmol, 1 equiv), pivaldehyde 2.52h (98 μL, 0.9 
mmol, 3 equiv) and i-PrOH (230 μL, 3 mmol, 10 equiv). The septum was replaced with a 
screw cap and the reaction was placed in 90 oC oil bath. After 48 h, the reaction vessel 
was removed from the oil bath and was allowed to cool to room temperature. The 
volatiles were removed and the residue was purified by flash chromatography. 
Homopropargylic alcohol 2.51h was isolated as a colorless solid (32.3 mg, 0.163 mmol, 
>20:1 dr) in 54% yield. 
 
1H NMR (400 MHz, CDCl3): δ 3.01-2.98 (m, 1H), 2.80 (dd, J = 7.0, 1.3 Hz, 1H), 2.37 
(br s, 1H), 2.01 (br s, 1H), 1.48 (s, 6H), 1.27 (d, J = 7 Hz, 3H), 0.96 (s, 9H). 
13C NMR (100 MHz, CDCl3): δ 89.7, 82.7, 81.7, 65.1, 36.0, 31.5, 27.9, 26.4, 21.3. 
Rf: 0.20 (2:1 hexanes:EtOAc) 
MP: 99-101 oC 
FTIR (neat): 3347, 2967, 2931, 2872, 1934, 1478, 1383, 1362 cm-1. 









8-(Benzyloxy)-2,5,7,7-tetramethyloct-3-yne-2,6-diol (2.51i)  
 
To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.15 mL, 2.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), aldehyde 2.52i (58 μL, 0.3 mmol, 1 
equiv) and i-PrOH (230 μL, 3 mmol, 10 equiv). The septum was replaced with a screw 
cap and the reaction was placed in 90 oC oil bath. After 48 h, the reaction vessel was 
removed from the oil bath and was allowed to cool to room temperature. The volatiles 
were removed and the residue was purified by flash chromatography. Homopropargylic 
alcohol 2.51i was isolated as a colorless oil (39.7 mg, >20:1 dr). 
 
1H NMR (400 MHz, CDCl3): δ 7.36-7.26 (m, 5H), 4.55 (d, 1H, J = 12 Hz), 4.47 (d, J = 
12 Hz, 1H), 3.53 (d, J = 9.4 Hz, 1H), 3.31 (br s, 1H), 3.22 (d, J = 9.1 Hz, 1H), 2.73 (m, 
1H), 1.46 (s, 3H), 1.45 (s, 3H), 1.28 (d, J = 7 Hz, 3H), 1.02 (s, 3H), 1.00 (3, 3H). 
13C NMR (100 MHz, CDCl3): δ 138.2, 128.4, 127.6, 127.4, 88.6, 83.3, 79.8, 79.1, 73.4, 
65.0, 39.5, 31.51, 31.45, 27.8, 22.7, 21.2, 20.9. 
Rf: 0.20 (2:1 hexanes:EtOAc) 
FTIR (neat): 3347, 2967, 2931, 2872, 1934, 1478, 1383, 1362 cm-1. 









To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.3 mL, 1.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), geranial 2.51j (52 μL, 0.3 mmol, 1 
equiv) and i-PrOH (92 μL, 1.2 mmol, 4 equiv). The septum was replaced with a screw 
cap and the reaction was placed in 90 oC oil bath. After 24 h, the reaction vessel was 
removed from the oil bath and was allowed to cool to room temperature. The volatiles 
were removed and the residue was purified by flash chromatography. Homopropargylic 
alcohol 2.51j was isolated as a colorless oil (67.7 mg, 4:1 dr) 
 
1H NMR (400 MHz, CDCl3): δ 5.30 (m, 0.35H), 5.15 (m, 0.68H), 5.06 (m, 1H), 4.28 (dd, 
J = 9.0, 5.0 Hz, 0.28 H), 4.16 (m, 0.72 H), 3.04 (br s, 1H), 2.69 (m, 0.36 H), 2.45 (m, 
1H), 2.13-2.00 (m, 4H), 1.68 (s, 3H), 1.66 (s, 3H), 1.58 (s, 3H), 1.48 (6H). 
13C NMR (100 MHz, CDCl3): δ 140.5, 140.0, 131.7, 125.1, 124.2, 123.9, 123.8, 87.6, 
87.3, 83.5, 83.4, 71.6, 65.0, 39.69, 39.65, 33.8, 33.1, 31.7, 31.6, 26.32, 26.28, 25.7, 17.8, 
17.7, 16.1.  
Rf: 0.25 (2:1 hexanes:EtOAc) 
FTIR (neat): 3346, 2978, 2934, 1451, 1375, 1235, 1160, 732 cm-1. 







 (E)-2,5,7-Trimethylnon-7-en-3-yne-2,6-diol (2.51k) 
 
To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.3 mL, 1.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), tiglic aldehyde 2.52k (29 μL, 0.3 
mmol, 1 equiv) and i-PrOH (92 μL, 1.2 mmol, 4 equiv). The septum was replaced with a 
screw cap and the reaction was placed in 90 oC oil bath. After 24 h, the reaction vessel 
was removed from the oil bath and was allowed to cool to room temperature. The 
volatiles were removed and the residue was purified by flash chromatography. Homo-
propargylic alcohol 2.51k was isolated as a colorless oil (53.2 mg, 0.271 mmol, 5.2:1 dr) 
in 90% yield. 
 
1H NMR (400 MHz, CDCl3): δ 5.49 (m, 1.1H), 3.92 (d, J = 6.6 Hz, 0.1H), 3.76 (d, J = 
8.4 Hz, 1H), 2.68-2.56 (m, 1.1H), 3.01 (br s, 2H), 1.60 (m, 3H), 1.57 (m, 3H), 1.47 (m, 
6H), 1.44 (s, 0.7H), 1.09 (d, J = 6.7 Hz, 0.3H), 1.00 (d, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 135.6, 135.0, 123.5, 121.9, 87.5, 83.7, 81.4, 79.9, 64.9, 
31.7, 31.6, 30.9, 30.5, 17.6, 16.1, 13.1, 12.9, 11.9, 10.6. 
Rf: 0.10 (2:1 hexanes:EtOAc) 
FTIR (neat): 3357, 2979, 2933, 1451, 1375, 1160, 973 cm-1. 








 (E)-2,5-Dimethylnon-7-en-3-yne-2,6-diol (2.51l) 
 
To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and DPPB (6.4 mg, 0.015 mmol, 5 
mol%). The pressure tube was purged with argon and THF (0.3 mL, 1.0 M) was added, 
followed by enyne 2.49b (72 µL, 0.6 mmol, 2 equiv), crotonaldehyde 2.52l (25 μL, 0.3 
mmol, 1 equiv) and i-PrOH (92 μL, 1.2 mmol, 4 equiv). The septum was replaced with a 
screw cap and the reaction was placed in 90 oC oil bath. After 24 h, the reaction vessel 
was removed from the oil bath and was allowed to cool to room temperature. The vola-
tiles were removed and the residue was purified by flash chromatography. Homopropar-
gylic alcohol 2.51l was isolated as a colorless oil (43.1 mg, 0.219 mmol, 4:1 dr) in 90% 
yield. 
1H NMR (400 MHz, CDCl3): δ 5.76-5.66 (m, 1.4H), 5.59-5.52 (m, 0.34 H), 5.51-5.44 (m, 
1H), 3.95 (dd, J = 4.7, 1.7 Hz, 0.25H), 3.85 (t, J = 6.7 Hz, 1H), 2.73-2.62 (m, 0.25H), 
2.53-2.46 (m, 1H), 2.60 (br s, 2H), 1.70 (m, 4.4H), 1.48 (s, 9H), 1.11 (d, J = 7.2 Hz, 3H), 
1.07 (d, J = 6.9 Hz, 0.89H). 
13C NMR (100 MHz, CDCl3): δ 131.4, 130.3, 128.94, 128.90, 87.8, 87.5, 83.2, 83.0, 
76.1, 75.5, 70.2, 65.0, 33.3, 32.7, 31.7, 31.6, 17.8, 17.3, 16.3, 13.6. 
Rf: 0.25 (2:1 hexanes:EtOAc) 
FTIR (neat): 3346, 2978, 2934, 1451, 1375, 1235, 1160, 732 cm-1. 











To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (27.5 mg, 0.029 mmol, 5 mol%), DPPB (12.3 mg, 0.029 mmol, 5 
mol%) and enyne 2.49c (143.5 mg, 1.16 mmol, 2 equiv). The pressure tube was purged 
with argon and THF (0.6 mL, 1 M) then i-butanol 2.50 (53 μL, 0.58 mmol, 1 equiv) were 
added. The septum was replaced with a screw cap and the reaction was placed in 90 oC 
oil bath. After 16 h, the reaction vessel was removed from the oil bath and was allowed to 
cool to room temperature. The volatiles were removed and the residue was purified by 
flash chromatography. Homopropargylic alcohol 2.51c-C(Me)2OMe was isolated as a 
colorless oil (86.3 mg, 2:1 dr). 
 
1H NMR (400 MHz, CDCl3): δ 3.31 (m, 4H), 3.30-3.25 (m, 0.5H), 3.05-2.99 (m, 1H), 
2.75-2.68 (m, 1H), 2.64-2.56 (m, 0.5H), 1.99-1.90 (m, 0.5H), 1.79-1.67 (m, 1H), 1.43-
1.39 (m, 9H), 1.22-1.16 (m, 4.5H), 0.98-0.89 (m, 9H).  
13C NMR (100 MHz, CDCl3): δ 86.6, 85.0, 84.8, 83.8, 79.5, 79.0, 70.53, 70.50, 51.43, 
51.37, 32.2, 30.5, 30.30, 30.26, 28.60, 28.57, 28.54, 28.51, 19.6, 19.5, 18.3, 17.8, 16.6, 
15.9. 
Rf: 0.20 (9:1 hexanes:EtOAc) 
FTIR (neat): 3465, 2981, 2935, 2875, 2824, 1465, 1377, 1210, 998 cm-1. 











To a dry pressure tube sealed with a septum under an argon atmosphere was added 
RuHCl(CO)(PPh3)3 (27.5 mg, 0.029 mmol, 5 mol%), DPPB (12.3 mg, 0.029 mmol, 5 
mol%) and enyne 2.49d (136.0 mg, 0.58 mmol, 1 equiv). The pressure tube was purged 
with argon and THF (0.6 mL, 1.0 M) then i-butanol 2.50 (0.16 mL, 1.7 mmol, 3 equiv) 
were added. The septum was replaced with a screw cap and the reaction was placed in 90 
oC oil bath. After 16 h, the reaction vessel was removed from the oil bath and was 
allowed to cool to room temperature. The volatiles were removed and the residue was 
purified by flash chromatography (SiO2, 2:1-3:2 hexanes:EtOAc). Homopropargylic 
alcohol 2.51d-CH2NHTs was isolated as a colorless oil (53.1 mg, 2:1 dr). 
 
1H NMR (400 MHz, CDCl3): δ 7.81-7.73 (m, 3.6H), 7.31-7.26 (m, 3.6H, 5.34-5.15 (m, 
2H), 3.79 (m, 2.7H), 3.05 (t, J = 6 Hz, 0.5H), 2.87 (dd, J = 6.9, 4.2 Hz, 1H), 2.51-2.43 
(m, 1H), 2.41 (s, 6H), 1.82 (br s, 1.5H), 1.77-1.65 (m, 0.5H), 1.64-1.55 (m, 1H), 1.01 (d, 
J = 7 Hz, 3H), 0.97 (d, J = 7 Hz, 1.3H), 0.92 (d, J = 6.8 Hz, 0.8H), 0.89 (d, J = 6.8 Hz, 
3H), 0.85 (d, J = 6.7 Hz, 1.3H), 0.82 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 143.6, 143.3, 130.0, 136.7, 129.7, 129.6, 127.4, 127.2, 
126.4, 91.7, 88.3, 87.4, 85.6, 79.5, 78.7, 75.9, 75.3, 41.2, 33.2, 32.8, 31.8, 30.2, 30.1, 
29.9, 21.5, 19.5, 18.7, 17.9, 17.8, 17.1, 14.8. 
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Rf: 0.18 (2:1 hexanes: EtOAc)  
FTIR (neat): 3273, 2961, 2358, 1598, 1324, 661 cm-1. 





General Procedure for Deprotection 
 
This procedure is modified from a published procedure.35 A small one piece test tube (~2 
mL) with a condenser was either flame dried or dried in an oven and cooled under a flow 
of N2 gas. Freshly crushed sodium hydroxide (2 equiv) was added. If the homopro-
pargylic alcohol was a solid, it was added at this point followed by toluene (0.5 M). If the 
homopropargylic alcohol was an oil, it was added as a 0.5 M solution in toluene. The 
reaction vessel was placed into a 125 oC oil bath and refluxed for 30-45 minutes. The 
reaction was removed from the bath, allowed to cool to room temperature, and directly 
applied to a silica gel column packed in dichloromethane. The terminal alkyne was eluted 
using dichloromethane. The fractions containing the terminal alkyne were combined and 







                                                          





This compound was prepared according to the general procedure on a 0.47 mmol scale to 
give 41.6 mg (70% yield) of 2.53g as a colorless liquid. 1H NMR data were consistent 
with literature values for the anti-diastereomer.36  
 
1H NMR (400 MHz, CDCl3): δ 3.07-3.01 (m, 1H), 2.74-2.66 (m, 1H), 2.10 (d, J = 2.4 
Hz, 1H), 1.80 (m, 1H), 1.24 (d, J = 7.2 Hz, 3H), 0.98 (d, J = 6.9 Hz, 3H), 0.92 (d, J = 6.9 
Hz, 3H). 










                                                          





This compound was prepared according to the general procedure on a 0.279 mmol scale 
to give 34.7 mg of 2.53f (75% yield) as a colorless liquid. 1H NMR data were consistent 
with literature values for the anti-diastereomer.37 
 
1H NMR (400 MHz, CDCl3): δ 3.11-3.05 (m, 1H), 2.76 (m, 1H), 2.11 (d, J = 2.4 Hz, 
1H), 1.99-1.92 (m, 1H), 1.64-1.82 (m, 4H), 1.62-1.60 (m, 2H), 1.54-1.45 (m, 1H), 1.25 
(d, J = 6.7 Hz, 3H), 1.29-0.98 (m, 5H). 










                                                          





This compound was prepared according to the general procedure on a 0.219 mmol scale 
to give 25.7 mg of 2.53h (83% yield) as a colorless liquid. 
 
1H NMR (400 MHz, CDCl3): δ 3.00 (br d, J = 8.1 Hz, 1H), 2.82-2.76 (m, 1H), 2.18 (d, J 
= 2.4 Hz, 1H), 1.91 (br d, J = 8.1 Hz, 1H), 1.31 (d, J = 7.4 Hz, 3H), 0.96 (s, 9H). 
13C NMR (100 MHz, CDCl3): δ 85.1, 81.5, 73.0, 36.0, 28.0, 26.3, 21.3. 
Rf: 0.87 (2:1 hexanes:EtOAc) 












 (E)-3,5-Dimethylhept-5-en-1-yn-4-ol (2.53k) 
 
1H NMR (400 MHz, CDCl3): δ 5.53 (m, 1H), 3.81 (d, 1H, J = 8.2 Hz), 2.68-2.60 (m, 
1H), 2.18 (br s, 1H), 2.15 (d, J = 2.4 Hz, 1H), 1.63 (m, 3H), 1.59 (m, 3H), 1.07 (d, J = 7.2 
Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 134.5, 123.9, 86.2, 81.2, 70.6, 31.1, 17.4, 13.1, 10.6. 
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Chapter 3: Diastereo- and Enantioselective Iridium Catalyzed Transfer Hydro-
genative Carbonyl Propargylation1 
3.1 Introduction 
 Carbonyl propargylation typically employs stoichiometric allenylmetal reagents 
(Scheme 3.1).2 Efforts have been devoted to studying the stereoselective variants of this 
transformation; allenylmetal reagents can be made chiral to induce stereocontrol. These 
chiral reagents such as allenylboron,3 allenyltin,4 allenylindium,5 allylsilicon6 and allyl-
zinc7 reagents, are key developments in the area of enantioselective propargylation of al-
dehydes. Protocols involving stoichiometric chirality transfer are still under development 
(Figure 3.1).  
Scheme. 3.1. Traditional protocol for carbonyl propargylation via allenylmetal reagents. 
 










A major drawback to the application of these protocols for asymmetric carbonyl 
propargylation is the requirement for a stoichiometric amount of optically pure allenyl-
metal reagent. To address this shortcoming, achiral allenyltin8 and allenylsilicon9 reagents 
are found to be effective toward enantioselective propargylation in the presence of chiral 
Lewis acid or chiral Lewis base catalysts. Allenylboron and propargylboron reagents also 
exhibit comparable regio- and stereoselectivities in carbonyl propargylation by using 
copper as a catalyst. Lastly, catalytic enantioselective Nozaki-Hiyama coupling of 
propargyl halides also delivers products of carbonyl propargylation.10  
To circumvent the limitation of the use of stoichiometrically preformed 
allenylmetal reagents, protocol involving palladium catalysis was developed.11 By using 
palladium as catalyst, an allenylzinc is formed in situ from the combination of propargyl 
benzoates and ZnEt2 in advance of carbonyl addition. Inspired by this method, we 
envisioned an alternative for carbonyl propargylation under transfer hydrogenation 
conditions; we postulated that 1,3 enynes would serve as a propargyl precursor that could 
undergo hydrometallation to generate an allenylmetal species, which could then engage 
in C-C bond coupling.  
3.2 Reaction Development and Optimization 
In our laboratory, rhodium based catalysts were selected to attempt carbonyl and 
imine propargylation.12 However, desired product of carbonyl propargylation was not 





Scheme 3.2. Rhodium catalyzed enyne-aldehyde reductive coupling. 
 
Previously, we developed an economical protocol that exploited transfer hydro-
genation in anti-diastereoselective carbonyl propargylation using isopropoxy substituted 
enyne as propargyl donor. We concluded that hydrometallation of the terminal olefin 
gave rise to an allenylmetal intermediate upon propargylic transposition of the initially 
formed propargylmetal intermediate in situ. This method avoids the use of stoichiometric 
allenylmetal reagents and allows access to terminal alkynes upon functional group 
manipulation. In the preceding chapter on ruthenium catalyzed carbonyl propargylation, 
isopropoxy substituted enyne facilitated carbonyl propargylation of aldehydes and the 
protecting group free hydroxyl moiety was proved to be crucial for the observed 
diastereocontrol. However, enantioselectivity of such transformation was not observed.  
In asymmetric carbonyl addition methodologies recently developed in our 
laboratory, iridium based catalysts appeared to be more effective at inducing 
stereocontrol than ruthenium based catalysts. Thus, we directed our attention to iridium 
catalysis; initial screen for reactivity and stereoselectivity was conducted with 
[Ir(cod)Cl]2 and DPPF using isopropoxy substituted enyne and benzylic alcohol 3.2b; 





Table. 3.1. Structure-selectivity relationships of enyne 3.1a-3.1c and ligands.a 
 
aYields of isolated material. Diastereo- and enantioselectivities of the anti-diastereomers were 
determined by chiral stationary phase HPLC or GC analysis. bCH3CN (200 mol%).  
 
Remarkably, simple protection of the hydroxyl moiety with TBS group gave the 
corresponding TBS ether, which engaged in aldehyde reductive coupling to deliver 
desired homopropargylic alcohol 3.3b (R=TBS) in 69% isolated yield, albeit in a 1:1 
mixture of diastereomers (Table 3.1, entry 2). Encouraged by the significant improve-
ment in product conversion, several SEGPHOS based chiral ligands are evaluated for 
structure-selectivity relationships between enyne 3.1b and ligands (Table 3.1, entries 3-
5). While (R)-SEGPHOS provides homopropargylic alcohol 3.3b (R=TBS) in 93% 
enantiomeric excess, product conversion and diastereoselectivity were poor (Table 1, 
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entry 3). Replacing (R)-SEGPHOS with (R)-DM-SEGPHOS, homopropargylic alcohol 
3.3b (R=TBS) was isolated in 75% yield with 6:1 anti-diastereoselectivity and 80% enan-
tiomeric excess (Table 1, entry 4). We envisioned that given a more sterically demanding 
ligand, (R)-DTBM-SEGPHOS, higher levels of stereoselectivities might result; however, 
this catalytic system did not produce the desired homopropargylic alcohol (Table 1, entry 
5). We reasoned that the ligand was too bulky, preventing C-C bond formation to occur. 
An alternate approach involves enhancing the steric demand of the enyne by 
protecting the hydroxyl moiety with a TIPS group. When this enyne 3.1c was exposed to 
alcohol 3.2b using the combination of [Ir(cod)Cl]2 and (R)-SEGPHOS, homopropargylic 
alcohol 3.3b (R=TIPS) was furnished in 81% yield with 3:1 anti-diastereoselectivity and 
94% enantiomeric excess (Table 1, entry 6). Notably, using (R)-DM-SEGPHOS as the 
ligand gave the corresponding homopropargylic alcohol 3.3b (R=TIPS) in 80% isolated 
yield, 8:1 anti-diastereoselectivity and 87% enantiomeric excess (Table 1, entry 7). By 
changing the solvent from toluene to THF, diastereoselectivity of 3.3b (R=TIPS) 
increased to 12:1 along with an improvement in enantiomeric excess to 90% (Table 1, 
entry 8). When acetonitrile was used as the solvent, selectivity was enhanced (93% ee, 
13:1 dr); however, the isolated yield was diminished to 50% (Table 1, entry 9). Lastly, by 
employing acetonitrile as an additive in THF, homopropargylic alcohol 3.3b (R=TIPS) 
was isolated in 75% yield with 12:1 anti-diastereoselectivity and 92% enantiomeric 
excess (Table 1, entry 10). We postulated that acetonitrile could occupy a coordination 
site on iridium, enhancing rigidity at the metal center, thereby improving the stereo-
selectivity. However, when acetonitrile was employed as a solvent (Table 1, entry 9), we 
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observed a drastic drop in yield, suggesting that acetonitrile could serve as a ligand which 
saturated the coordination sites available for C-C bond formation. 
3.3 Reaction Scope 
 Under the optimal conditions, enyne 3.1c was coupled to a wide range of alcohols 
3.2a-k to furnish homopropargylic alcohols 3.3a-k with similar levels of anti-diastereo- 
and enantioselectivity (Table 3.2). Couplings with benzylic alcohols 3.2a-d and hetero-
aryl alcohols 3.2e and 3.2f in the presence of acetonitrile as the additive delivered the 
corresponding homopropargylic alcohols 3.3a-d, 3.2e-f in good yields and selectivities 
(Table 3.2, entries 1-6). While allylic alcohols 3.3g-h were obtained in remarkable 
selectivities using (R)-DM-SEGPHOS as the ligand, couplings with aliphatic alcohols 
3.2i-k required the used of (R)-SEGPHOS in order to achieve high levels of selectivities. 
Interestingly, couplings with alcohols 3.2g-k resulted in higher isolated yields when 
either isopropanol or formic acid was added to the reactions, however, the reason for such 
observation remains unclear (Table 3.2, entries 7-11). 




Table 3.2. (Continued) 
 
aYields of isolated material. Diastereo- and enantioselectivities of the anti-diastereomers were 
determined by chiral stationary phase HPLC or GC analysis. HCO2H (150 mol%) was added to 
the reactions with aldehydes. bMeCN (200 mol%). ci-Propanol (100 mol%). dHCO2H (50 mol%). 
e[Ir(cod)Cl]2 (5 mol%), (R)-SEGPHOS (10 mol%). gNa2SO4 (100 mol%). 
324 
 
Enyne 3.1c was coupled to aldehydes 3.4a-k to afford an equivalent set of homo-
propargylic alcohols 3.3ak in good to excellent yields with remarkable levels of anti-
diastereo- and enantioselectivity (Table 3.2). As was observed in the couplings to benzy-
lic and allylic alcohols, (R)-DM-SEGPHOS was necessary to enforce high levels of 
stereoselectivity in the propargylation of aryl, hetero-aryl and α,β-unsaturated aldehydes 
3.4a-h, whereas (R)-SEGPHOS was used for couplings with aliphatic aldehydes 3.4i-k to 
furnish adducts 3.3a-h with good selectivities. It was discovered that reactions between 
enyne 3.1c and aldehydes 3.4g-i were higher yielding when Na2SO4 (100 mol%) was 
added to the reaction. We reasoned that Na2SO4 served as a drying reagent to remove 
adventitious water present in the media. Indeed, when water was deliberately introduced 
to the reaction to test the rationale, the reaction rate was greatly reduced. 
Given the advantages of the readily removable isopropoxy-TIPS ether at the 
acetylenic terminus, homopropargylic alcohols 3.3c, 3.3e, and 3.3g were converted to the 
corresponding terminal alkynes 3.5c, 3.5e, and 3.5g in good yields upon exposure to 
TBAF and NaOH in refluxing toluene (Scheme 3.3). Terminal alkynes 3.5c and ent-3.5g 
are known compounds of confirmed relative and absolute stereochemistry; hence, their 
preparation serves to assign stereochemistry for adducts 3.3a-k. 
Scheme 3.3. Deprotection of homopropargylic alcohols 3.3c, 3.3g and 3.3i to their 




3.4 Proposed Reaction Mechanism 
 A plausible catalytic mechanism was proposed for the carbonyl propargylation; 
this mechanism is similar to that proposed for ruthenium catalyzed anti-diastereoselective 
carbonyl propargylation.13 Iridium(I) alkoxide Ia was generated from the combination of 
[Ir(cod)Cl]2, SEGPHOS ligand and reactant alcohol, which then underwent dehydro-
genation to form aldehyde and iridium(I) hydride II. When the reaction was conducted 
from the aldehyde oxidation level, the formate complex Ib was converted to iridium(I) 
hydride II. Enyne hydrometallation provided the -propargyliridium III, which inter-
converted with allenyliridium species IV. Coordination of the aldehyde to IV provided 
intermediate V, which engaged in C-C bond formation via a closed transition structure to 
deliver homopropargylic iridium(I) alkoxide VI. This homopropargylic iridium(I) 
alkoxide exchanged with a reactant alcohol to afford the product and regenerated the 
iridium(I) alkoxide I (Scheme 3.4).  











It is known that -allenylmetal complexes are formed by the stoichiometric 
reaction of 1,3-enynes and RuHCl(CO)(PPh3)3 and have been characterized by single- 
crystal X-ray diffraction.14 An X-ray crystal structure of the allenyliridium(III) complex 
IrCl(PPh3)2(NHSO2Ph)(CO)(1-CH=C=CH2) was reported.15 The stereochemical outcome 
of the propargylation was predicted on the basis of the model, which involved carbonyl 
addition by way of a closed six-centered transition state A (Figure 3.2). The conformation 
of the square planar allenyliridium species was predicted on the basis of a related η1-
allenylplatinum(II) complex, trans-Pt(PPh3)2(Br)(1-CH=C=CH2), that the allenyl moiety 
lies approximately perpendicular to the square coordination plane.16 
Figure 3.2. Stereochemical models accounting for the observed anti-diastereo- and 
enantioselectivity in iridium catalyzed carbonyl propargylation. 
 
3.5 Summary 
 In the previous chapter, we reported a new protocol using ruthenium catalysis to 
access products of carbonyl propargylation in the absence of preformed allenylmetal 
reagents. Here, we developed a highly anti-diastereo- and enantioselective iridium 
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catalyzed enyne-mediated carbonyl propargylation from the alcohol or aldehyde 
oxidation level. This methodology offers an alternative to the use of stoichiometric 
organometallic reagents in enantioselective carbonyl propargylation. By using iridium 
based catalyst under transfer hydrogenation conditions, reactions can be performed from 
the alcohol oxidation level, bypassing redox manipulation for discrete aldehyde 
generation. Additionally, products of propargylation can be readily converted to the 














3.6 Experimental Section 
General Experimental Details All reactions were run under an atmosphere of argon, 
unless otherwise indicated. Anhydrous solvents were transferred via oven-dried syringe. 
Reaction tubes were oven-dried and cooled under a stream of argon. Reactions tubes 
were purchased from Fischer Scientific (catalog number 14-959-35C). Acetonitrile was 
purified by distilling from calcium hydride prior to use. THF and toluene were purified 
by distilling from sodium and benzophenone. Commercially available aldehydes were 
purified via distillation in a Hickman still and iodomethane was passed through a plug of 
activated alumina immediately prior to use. All other materials and reagents were used as 
received from commercial suppliers. Analytical thin-layer chromatography (TLC) was 
carried out using 0.2-mm commercial silica gel plates (DC-Fertigplatten Kieselgel 60 
F254) and products were visualized by UV, KMnO4 and/or anisaldehyde stain. Prepara-
tive column chromatography employing silica gel was performed according to the 
method of Still.1 Infrared spectra were recorded on a Perkin-Elmer 1600 spectrometer. 
High-resolution mass spectra (HRMS) were obtained on a Karatos MS9 and are reported 
as m/z (relative intensity). Accurate masses are reported for the molecular ion [M+H]+ or 
a suitable fragment ion. Melting points were obtained on a Thomas-Hoover Unimelt 
apparatus and are uncorrected. Proton nuclear magnetic resonance (1H NMR) spectra 
were recorded with a Varian Gemini (400 MHz) spectrometer. Chemical shifts are 
reported in delta (δ) units, parts per million (ppm) downfield from tetramethylsilane or 
ppm relative to the center of the singlet at 7.26 ppm for deuteriochloroform. Coupling 
                                                          
1 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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constants are reported in Hertz (Hz). Carbon-13 nuclear magnetic resonance (13C NMR) 
spectra were recorded with a Varian Gemini or 400 (100 MHz) spectrometer. Chemical 
shifts are reported in delta (δ) units, ppm relative to the center of the triplet at 77.0 ppm 
for deuteriochloroform. Optical rotations were measured using an ATAGO AP-300 
automatic polarimeter as solutions described below. Enantiomeric excess was determined 
by using either chiral GC or HPLC. The GC instrument is a 7890A GC system equipped 
with a HP-CHIRAL-20B column (30 m long, 0.32 mm I.D., 0.25 μm film), both from 
Agilent Technologies. Hydrogen was used as the carrier gas. Details for separation are 




Experimental Procedures for Preparation for Enynes 3.1a-3.1c 
2-Methylhex-5-en-3-yn-2-ol (3.1a) 
 
This compound was prepared via a modification of a published procedure.2 CuI (280 mg, 
1.47 mmol, 1.4 mol%) and Pd(PPh3)4 (280 mg, 0.242 mmol, 0.2 mol%) were dissolved in 
50 mL diethylamine that had been stored over KOH pellets. THF (140 mL) was added, 
and the resulting solution was cooled to 0 oC. Methyl-3-yn-2-ol (10 mL, 104 mmol, 1 
equiv) was added dropwise to the solution. Vinyl bromide (14 mL, 208 mmol, 2 equiv) 
was separately cooled to 0 oC and added the above solution as a liquid. The reaction was 
gradually allowed to warm to room temperature. After 12 hours, the reaction mixture was 
poured into ice-cold water and extracted with diethyl ether (3 x 175 mL). The combined 
organic layers were washed with 2M HCl (2 x 100 mL), followed by a brine wash and 
then dried over Na2SO4. The solvent was removed under reduced pressure, and the crude 
product was vacuum distilled to give 3.1a (10.42 g, 91% yield) as a colorless liquid. 1H 
and 13C NMR were consistent with literature values.2 This material should be stored in the 
freezer to prolong shelf life. 
1H NMR (400 MHz, CDCl3): δ 5.77 (dd, J = 19.0, 11.0 Hz, 1H), 5.61-5.55 (m, 1H), 5.45-
5.41 (m, 1H), 2.45 (br s, 1H), 1.51 (s, 6H). 
13C NMR (75 MHz, CDCl3): δ 127.0, 116.7, 94.4, 80.8, 65.5, 31.3. 
TLC Rf: 0.63 (2:1 hexanes: EtOAc) 
                                                          





This compound was prepared according to a modification of a published procedure.3 2-
Methylhex-5-en-3-yn-2-ol (3.1a, 2.00g, 18.2 mmol) was dissolved in 10 mL of anhy-
drous DMF. tert-Butyl(chloro)dimethylsilane (2.7366 g, 18.2 mmol, 1 equiv), imidazole 
(1.73 g, 25.4 mmol, 1.4 equiv) and 4-(dimethylamino)pyridine (0.22 g, 1.82 mmol, 10 
mol%) were added as solids. The reaction was stirred under nitrogen at 65 oC for 16 h. 
The reaction mixture was cooled to room temperature and then partitioned between 40 
mL of water and 40 mL of diethyl ether. The layers were separated and the aqueous layer 
was washed with two 25 mL portions of diethyl ether. The organic layers were combined, 
washed sequentially with additional water and brine. The organic fraction was dried with 
Na2SO4, filtered and concentrated. The crude oil was purified via flash chromatography 
(SiO2, 100% hexanes) to give the product 3.1b (3.53g) in 86% yield. This material should 
be stored in the freezer to prolong shelf life. 
 
1H NMR (400 MHz, CDCl3): δ 5.80 (dd, J = 17.6, 11.0 Hz, 1H), 5.58 (dd, J = 17.6, 2.3 
Hz, 1H), 5.43 (dd, J = 11.0, 2.3 Hz, 1H), 1.47 (s, 6H), 0.87 (s, 9H), 0.16 (s, 6H).  
13C NMR (100 MHz, CDCl3): δ 129.4, 120.1, 98.5, 84.5, 69.6, 35.9, 28.8, 0.0. 
                                                          
3 Shepard, M. S.; Carreira, E. M. Tetrahedron 1997, 53, 16253. 
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FTIR (neat): 2955, 2930, 2857, 1738, 1472, 1377, 1360, 1250, 1217, 1161, 1037, 1004, 
894, 834, 811, 775, 670 cm-1. 
TLC Rf: 0.96 (4:1 hexanes:EtOAc). 






Sodium hydride (3.456 g, 86.4 mmol, 1.2 equiv) was washed with three portions of 
Hexanes, and then suspended in anhydrous THF (240 mL). 2-Methylhex-5-en-3-yn-2-ol 
(3.1a, 7.92 g, 72 mmol 1 equiv) was added dropwise, and the suspension was stirred at 
room temperature for 30 minutes before cooling to 0 oC.  Chlorotriisopropylsilane 
(TIPSCl, 15.4 mL, 72 mmol, 1 equiv) was added dropwise, and the suspension was 
allowed to gradually warm up to room temperature overnight. The reaction was quenched 
by addition of water, and then extracted with three portions of diethyl ether. The organic 
layers were combined, dried with MgSO4, and then filtered. After removal of the solvent 
under reduced pressure, the crude oil was purified via flash chromatography (SiO2, 100% 
hexanes) to give the product 3.1c (11.5 g) in 60% yield. This material should be stored in 
the freezer to prolong shelf life. 
1H NMR (400 MHz, CDCl3): δ 5.78 (dd, J = 17.6, 11.0 Hz, 1H), 5.55 (dd, J = 17.6, 1.9 
Hz, 1H), 5.42 (dd, J = 11.0, 1.9 Hz, 1H), 1.53 (s, 6H), 1.20-1.11 (m, 3H), 1.10-1.06 (m, 
18H). 
13C NMR (100 MHz, CDCl3): δ 126.2, 117.0, 95.6, 81.0, 66.4, 33.1, 18.3, 13.0. 
FTIR (neat): 2943, 2866, 1463, 1377, 1358, 1244, 1160, 1048, 995, 97, 918, 881, 737, 
675, 657 cm-1. 
TLC Rf: 0.96 (4:1 hexanes:EtOAc). 
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Experimental Procedures for Preparation of Alcohol 3.2i and Aldehyde 3.4i 
3-(Benzyloxy)propan-1-ol (3.2i)  
 
Sodium hydride (0.88 g, 22 mmol, 1.1 equiv) was suspended in 60 mL dry DMF and the 
suspension was cooled to 0 oC. 1,3-Propanediol (1.45 mL, 20 mmol, 1 equiv) was added 
dropwise, and the reaction was stirred for 30 minutes at 0 oC. Benzyl bromide (2.4 mL, 
20 mmol, 1 equiv) was added dropwise, and then the reaction was allowed to gradually 
warm to room temperature overnight. After 12 hours, the reaction was quenched with 
water and extracted with EtOAc (4 x 50 mL). The combined organic washes were 
washed with water to remove DMF (3 x 50 mL). The organic layer was then dried over 
Na2SO4, concentrated and filtered. The residue was purified via flash chromatography 
(SiO2, 3:1 hexanes:EtOAc) to give 1.76 g (53%) 3-(benzyloxy)propan-1-ol 3.2i as a 
colorless oil. 1H NMR data were consistent with literature values.4 
1H NMR (400 MHz, CDCl3): δ 7.38 (m, 5H), 4.52 (s, 2H), 3.81-3.77 (m, 2H), 3.67 (t, J = 
6.2 Hz, 2H), 2.31 (br s, 1H), 1.87 (pent, J = 6.2 Hz, 2H). 
3-(Benzyloxy)propanal (3.4i) 
 
3-(Benzyloxy)propan-1-ol 3.2i (1.60 g, 9.6 mmol, 1 equiv) and 2-iodoxybenzoic acid 
(IBX, 3.50 g, 12.5 mmol, 1.3 equiv) were combined in a dry flask. THF (15 mL) and 
                                                          
4 Frankowski, K. J.; Golden, J. E.; Zeng, Y.; Aubé, J. J. Am. Chem. Soc. 2008, 130, 6018.  
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DMSO (15 mL) were added and the reaction was stirred at room temperature overnight. 
Water (10 mL) was added, and the suspension was stirred for 10 minutes. The mixture 
was filtered, extracted with diethyl ether (3 x 50 mL). The combined organic fractions 
were washed with sequentially water, brine, and then concentrated. The residue was 
purified via flash chromatography (SiO2, 4:1 hexanes: EtOAc to give aldehyde 3.4i as a 
colorless oil. 1H NMR data were consistent with literature values.5 
1H NMR (400 MHz, CDCl3): δ 9.80 (t, J = 2.0 Hz, 1H), 7.38-7.28 (m, 5H), 4.54 (s, 2H), 
3.82 (t, J = 6.0 Hz, 2H), 2.71 (dt, J = 6.0, 1.6 Hz, 2H). 
                                                          




Experimental Procedures and Spectroscopic Data for Preparation for Homopro-
pargylic Alcohols 3.3a-3.3k 
(1R,2R)-2,5-Dimethyl-1-phenyl-5-((triisopropylsilyl)oxy)hex-3-yn-1-ol (3.3a) 
 
Procedure A (via alcohol 3.2a): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%) and (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) were added, and the 
pressure tube was purged again with an argon balloon. THF (0.2 mL, 1.0 M) and CH3CN 
(21 µL, 0.4 mmol, 2 equiv) were added, followed by enyne 3.1c (123 µL, 0.4 mmol, 2 
equiv) and the alcohol 3.2a (21 µL, 0.2 mmol, 1 equiv). The septum was replaced with a 
screw cap and the reaction was heated at 70 oC in a preheated oil bath. After 30 hours, the 
reaction vessel was removed from the oil bath and cooled to room temperature. The THF 
was removed under and the residue was purified by flash chromatography (SiO2, 1%-5% 
EtOAc/hexanes) to provide the homopropargylic alcohol 3.3a as a colorless oil in 85% 
yield (63.9 mg, 19:1.0 dr, 91% ee). 
Procedure B (via aldehyde 3.4a): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%) and (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%), and the pressure tube 
was purged again with an argon balloon. THF (0.2 mL, 1.0 M) and CH3CN (21 µL, 0.4 
mmol, 2 equiv) were added, followed by enyne 3.1c (123 µL, 0.4 mmol, 2 equiv) the 
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aldehyde 3.4a, (20 µL, 0.2 mmol, 1 equiv) and HCO2H (13 µL, 0.3 mmol, 1.5 equiv). The 
septum was replaced with a screw cap and the reaction was heated at 70 oC in a preheated 
oil bath. After 48 hours, the reaction vessel was removed from the oil bath and cooled to 
room temperature. The THF was removed and the residue was purified by flash 
chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the homopropargylic alcohol 
3.3a as a colorless oil in 79% yield (59.2 mg, 12:1.0 dr, 86% ee). 
1H NMR (400 MHz, CDCl3): δ 7.35-7.27 (m, 5H), 4.67-4.64 (m, 0.06H, min), 4.44 (dd, J 
= 7.2, 3.8 Hz, 1H, maj), 2.84-2.74 (m, 1.06H, maj and min), 2.49 (d, J = 3.8 Hz, 1H, 
maj), 2.13 (d, J = 3.6 Hz, 0.06H), 1.52 (s, 3H, maj), 1.50 (s, 3H, maj), 1.43 (s, 0.2H, min), 
1.42 (s, 0.2H, min), 1.18-1.01 (m, 26H). 
13C NMR (100 MHz, CDCl3): δ 141.3, 128.2, 127.9, 126.7, 89.5, 82.6, 77.5, 66.2, 35.6, 
33.5, 18.3, 17.0, 13.0. 
FTIR (neat): 2941, 2864, 1454, 1376, 1357, 1241, 1160, 1048, 918, 904, 882, 742, 700, 
679, 660 cm-1. 
TLC Rf: 0.36 (9:1 hexanes:EtOAc). 
HRMS: Calculated for C23H38O2Si (M): 374.2641; Found: 374.2627. 
 [α]D25 +33.2 (c = 1.21, CHCl3) at 92% ee. 
HPLC: Two chiracel OD-H columns back to back, hexanes:i-PrOH 99:1, 0.5 mL/min, 5 
μL injection. It is critical to prewash the column with 99:1 hexanes:i-PrOH for at least 90 
minutes prior to injection of sample to get reproducible elution times. 
Anti-diastereomer: tmajor = 31.0 min, tminor = 26.9 min. 
Syn-diastereomer: tmajor = 39.7 min, tminor = 36.3 min. 
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Procedure A (via alcohol 3.2b): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) and the alcohol 3.2b (33.2 
mg, 0.2 mmol, 1 equiv) were added, and the pressure tube was purged again with an 
argon balloon. THF (0.2 mL, 1.0 M) and CH3CN (21 µL, 0.4 mmol, 2 equiv) were added, 
followed by enyne 3.1c (123 µL, 0.4 mmol, 2 equiv). The septum was replaced with a 
screw cap and the reaction was heated at 70 oC in a preheated oil bath. After 24 hours, the 
reaction vessel was removed from the oil bath and cooled to room temperature. The THF 
was removed under and the residue was purified by flash chromatography (SiO2, 2%-
10% EtOAc/hexanes) to provide the homopropargylic alcohol 3.3b as a colorless oil in 
75% yield (66.1 mg, 12:1 dr, 92% ee). 
Procedure B (vi aldehyde 3.4b): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%), and the aldehyde 3.4b, 
(32.8 mg, 0.2 mmol, 1 equiv) and the pressure tube was purged again with an argon 
balloon. THF (0.2 mL, 1.0 M) and CH3CN (21 µL, 0.4 mmol, 2 equiv) were added, 
followed by enyne 3.1c (123 µL, 0.4 mmol, 2 equiv) and HCO2H (13 µL, 0.3 mmol, 1.5 
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equiv). The septum was replaced with a screw cap and the reaction was heated at 70 oC in 
a preheated oil bath. After 48 hours, the reaction vessel was removed from the oil bath 
and cooled to room temperature. The THF was removed and the residue was purified by 
flash chromatography (SiO2, 2%-10% EtOAc/hexanes) to provide the homopropargylic 
alcohol 3.3b as a colorless oil in 86% yield (74.4 mg, 10:1 dr, 90% ee). 
 
1H NMR (400 MHz, CDCl3): δ 8.01 (m, 2H), 7.43 (m, 2H), 4.73-4.71 (m, 0.06H, min), 
4.52 (dd, J = 6.4, 4.3 Hz, 1H, maj), 3.91 (s, 3H), 2.85-2.75 (m, 1.06 H, min and maj), 
2.49 (d, J = 4.3 Hz, 1H), 2.20 (d, J = 3.4 Hz, 0.06H), 1.50 (s, 3H, maj), 1.49 (s, 3H, maj), 
1.43 (s, 0.3H, min), 1.42 (s, 0.3H, min), 1.13-1.00 (m, 26H). 
13C NMR (100 MHz, CDCl3): δ 166.9, 146.6, 129.6, 129.5, 126.6, 89.9, 81.8, 76.8, 66.2, 
52.1, 35.5, 33.5, 33.4, 18.3, 16.9, 13.0. 
FTIR (neat): 2942, 2865, 1725, 1612, 1436, 1415, 1376, 1350, 1310, 1278, 1243, 1107, 
1048, 1018, 966, 917, 881, 761, 713, 679, 660 cm-1. 
TLC Rf: 0.18 (9:1 hexanes:EtOAc). 
HRMS: Calculated for C25H40O4Si (M): 432.2696; Found: 432.2653.  
[α]D25 +31.6 (c = 1.17, CHCl3) at 91% ee. 
HPLC: Chiracel OD-H column, hexanes:i-PrOH 95:5, 0.7 mL/min, 5 μL injection.  
Anti-diastereomer: tmajor = 8.7 min, tminor = 16.9 min. 
Syn-diastereomer: tmajor = 13.6 min, tminor = 10.2 min. 
































Procedure A (via alcohol 3.2c): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) and the alcohol 3.2c (37.4 
mg, 0.2 mmol, 1 equiv) were added, and the pressure tube was purged again with an 
argon balloon. THF (0.2 mL, 1.0 M) and CH3CN (21 µL, 0.4 mmol, 2 equiv) were added, 
followed by enyne 3.1c (123 µL, 0.4 mmol, 2 equiv). The septum was replaced with a 
screw cap and the reaction was heated at 70 oC in a preheated oil bath. After 30 hours, the 
reaction vessel was removed from the oil bath and cooled to room temperature. The THF 
was removed under and the residue was purified by flash chromatography (SiO2, 1%-5% 
EtOAc/hexanes) to provide the homopropargylic alcohol 3.3c as a colorless oil in 87% 
yield (79.2 mg, 12:1 dr, 89% ee). 
Procedure B (via aldehyde 3.4c): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%), and the aldehyde 3.4c, 
(37.0 mg, 0.2 mmol, 1 equiv) and the pressure tube was purged again with an argon 
balloon. THF (0.2 mL, 1.0 M) and CH3CN (21 µL, 0.4 mmol, 2 equiv) were added, 
followed by enyne 3.1c (123 µL, 0.4 mmol, 2 equiv) and HCO2H (13 µL, 0.3 mmol, 1.5 
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equiv). The septum was replaced with a screw cap and the reaction was heated at 70 oC in 
a preheated oil bath. After 48 hours, the reaction vessel was removed from the oil bath 
and cooled to room temperature. The THF was removed and the residue was purified by 
flash chromatography (SiO2, 2%-10% EtOAc/hexanes) to provide the homopropargylic 
alcohol 3.3c as a colorless oil in 86% yield (80.7 mg, 11:1 dr, 87% ee). 
 
1H NMR (400 MHz, CDCl3): δ 7.49-7.45 (m, 2H), 7.26-7.21 (m, 2H), 4.62 (dd, J = 6.0, 
3.6 Hz, 0.08H, min), 4.43 (dd, J = 6.6, 3.8 Hz, 1H, maj), 2.81-2.70 (m, 1.08H, maj and 
min), 2.46 (d, J = 3.8 Hz, 1H maj), 2.14 (d, J = 3.6 Hz, 0.08H, min), 1.51 (s, 3H, maj), 
1.50 (s, 3H, maj), 1.44 (s, 0.3H, min), 1.43 (s, 0.3H, min), 1.21-1.02 (m, 27H). 
13C NMR (100 MHz, CDCl3): δ 140.4, 131.3, 128.4, 121.7, 89.8, 82.0, 76.6, 66.2, 35.5, 
33.5, 33.4, 18.3, 16.8, 13.0. 
FTIR (neat): 2941, 2864, 1488, 1463, 1376, 1239, 1161, 1048, 1011, 906, 882, 787, 744, 
722, 679 cm-1. 
TLC Rf: 0.29 (9:1 hexanes:EtOAc). 
HRMS: Calculated for C23H37BrO2Si:452.1746; Found: 452.1747.  
[α]D25 +27.1 (c = 1.37, CHCl3) at 89% ee. 
HPLC: Chiracel OD-H column, hexanes:i-PrOH 98:2, 0.5 mL/min, 3 μL injection.  
Anti-diastereomer: tmajor = 11.2 min, tminor = 10.5 min. 
Syn-diastereomer: t = 12.2 min (enantiomers not resolved). 
























Procedure A (via alcohol 3.2d): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) and the alcohol 3.2d (30.4 
mg, 0.2 mmol, 1 equiv) were added, and the pressure tube was purged again with an 
argon balloon. THF (0.2 mL, 1.0 M) and CH3CN (21 µL, 0.4 mmol, 2 equiv) were added, 
followed by enyne 3.1c (123 µL, 0.4 mmol, 2 equiv). The septum was replaced with a 
screw cap and the reaction was heated at 70 oC in a preheated oil bath. After 24 hours, the 
reaction vessel was removed from the oil bath and cooled to room temperature. The THF 
was removed under and the residue was purified by flash chromatography (SiO2, 1%-5% 
EtOAc/hexanes) to provide the homopropargylic alcohol 3.3d as a colorless oil in 77% 
yield (64.8 mg, 18:1 dr, 92% ee). 
Procedure B (via aldehyde 3.4d): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%), and the aldehyde 3.4d, 
(30.0 mg, 0.2 mmol, 1 equiv) and the pressure tube was purged again with an argon 
balloon. THF (0.2 mL, 1.0 M) and CH3CN (21 µL, 0.4 mmol, 2 equiv) were added, 
followed by enyne 3.1c (123 µL, 0.4 mmol, 2 equiv) and HCO2H (13 µL, 0.3 mmol, 1.5 
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equiv). The septum was replaced with a screw cap and the reaction was heated at 70 oC in 
a preheated oil bath. After 48 hours, the reaction vessel was removed from the oil bath 
and cooled to room temperature. The THF was removed and the residue was purified by 
flash chromatography (SiO2, 2%-10% EtOAc/hexanes) to provide the homopropargylic 
alcohol 3.3d as a colorless oil in 82% yield (68.6 mg, 20:1 dr, 89% ee). 
 
1H NMR (400 MHz, CDCl3): δ 6.87 (m, 1H), 6.81-6.75 (m, 2H), 5.95 (s, 2H), 4.35 (dd, J 
= 7.1, 3.0 Hz, 1H), 2.71 (dd, J = 7.1, 6.3 Hz, 1H), 2.47 (d, J = 3.4 Hz, 1H), 1.52 (s, 3H), 
1.51 (s, 3H), 1.18-1.01 (m, 26H). 
13C NMR (100 MHz, CDCl3): δ 147.6, 147.2, 135.3, 120.4, 107.8, 106.9, 101.0, 89.5, 
82.6, 66.2, 35.6, 33.6, 33.5, 18.3, 16.9, 13.0. 
FTIR (neat): 2942, 2865, 1504, 1498, 1442, 1376, 1242, 1160, 1095, 1040, 933, 881, 
809, 742, 679 cm-1. 
TLC Rf: 0.27 (9:1 hexanes:EtOAc). 
HRMS: Calculated for C24H38O4Si: 418.2539; Found: 418.2540. 
[α]D25 +27.5 (c = 1.12, CHCl3) at 92% ee. 
HPLC: Chiracel AS-H column, hexanes:i-PrOH 99:1, 0.5 mL/min, 3 μL injection.  
Anti-diastereomer: tmajor = 10.3 min, tminor = 11.3 min. 
Syn-diastereomer: tmajor = 12.0 min, tminor = 13.9 min. 


























Procedure A (via alcohol 3.2e): To a dry pressure tube sealed with a septum under an 
argon atmosphere was added [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 2.5 mol%) and (R)-DM-
SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%). The pressure tube was purged with argon and 
THF (0.2 mL, 1.0 M) and CH3CN (21 μL, 0.4 mmol, 200 mol%) were added, followed 
by enyne 3.1c (123 μL, 0.4 mmol, 200 mol%) and alcohol 3.2e (17 μL, 0.2 mmol, 100 
mol%). The septum was replaced with a screw cap and the reaction was placed in 70 °C 
oil bath. After 24 hours, the reaction vessel was removed from the oil bath and was 
allowed to cool to room temperature. The volatiles were removed under reduced pressure 
via rotary evaporation and the residue was purified by flash chromatography (SiO2, 5% 
EtOAc/hexanes) to provide the homopropargylic alcohol 3.3e as a colorless oil in 82% 
yield (60.5 mg, 22:1 dr, 94% ee). 
Procedure B (via aldehyde 3.4e): To a dry pressure tube sealed with a septum under an 
argon atmosphere was added [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 2.5 mol%) and (R)-DM-
SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%). The pressure tube was purged with argon and 
THF (0.2 mL, 1.0 M) and CH3CN (21 μL, 0.4 mmol, 200 mol%) were added, followed 
by enyne 3.1c (123 μL, 0.4 mmol, 200 mol%), aldehyde 3.4e (17 μL, 0.2 mmol, 100 
mol%) and HCO2H (13 μL, 0.3 mmol, 150 mol%). The septum was replaced with a 
358 
 
screw cap and the reaction was placed in 70 °C oil bath. After 48 hours, the reaction 
vessel was removed from the oil bath and was allowed to cool to room temperature. The 
volatiles were removed under reduced pressure via rotary evaporation and the residue 
was purified by flash chromatography (SiO2, 5% EtOAc/hexanes) to provide the homo-
propargylic alcohol 3.3e as a colorless oil in 89% yield (64.9 mg, 12:1 dr, 90% ee). 
 
1H NMR (400 MHz, CDCl3): δ 7.38-7.37 (m, 1H), 6.34-6.31 (m, 2H), 4.48 (t, J = 6.2 Hz, 
1H). 3.02 (m, 1H), 2.39 (d, J = 6.2 Hz, 1H), 1.50 (s, 6H), 1.19-1.02 (m, 26H). 
13C NMR (100 MHz, CDCl3): δ 154.1, 142.1, 110.1, 107.4, 89.5, 81.9, 71.1, 66.2, 33.6, 
33.5, 32.9, 18.3, 13.0.  
FTIR (neat): 2941, 2865, 1463, 1377, 1243, 1161, 1049, 1012, 919, 882, 784, 732, 659 
cm-1. 
TLC Rf: 0.41 (4:1 hexanes:EtOAc). 
HRMS: Calculated for C21H36O3Si: 364; Found: 363 (M-H). 
[α]D25 +26.7 (c = 1.01, CHCl3) at 94% ee. 
HPLC: Two consecutive Chiracel AD-H columns, Hexanes:i-PrOH 99:1, 0.5 mL/min, 3 
μL injection. 
Anti-diastereomer: tmajor = 10.4 min, tminor = 10.0 min. 
Syn-diastereomer: t = 11.9 min (enantiomers not resolved).  











   
 

























Procedure A (via alcohol 3.2f): To a dry pressure tube sealed with a septum under an 
argon atmosphere was added [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 2.5 mol%) and (R)-DM-
SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%). The pressure tube was purged with argon and 
THF (0.2 mL, 1.0 M) and CH3CN (21 μL, 0.4 mmol, 200 mol%) were added, followed 
by enyne 3.1c (123 μL, 0.4 mmol, 200 mol%) and alcohol 3.2f (19 μL, 0.2 mmol, 100 
mol%). The septum was replaced with a screw cap and the reaction was placed in 70 °C 
oil bath. After 24 hours, the reaction vessel was removed from the oil bath and was 
allowed to cool to room temperature. The volatiles were removed under reduced pressure 
via rotary evaporation and the residue was purified by flash chromatography (SiO2, 5% 
EtOAc/hexanes) to provide the homopropargylic alcohol 3.3f as a colorless oil in 81% 
yield (62.0 mg, 29:1 dr, 95% ee). 
Procedure B (via aldehyde 3.4f): To a dry pressure tube sealed with a septum under an 
argon atmosphere was added [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 2.5 mol%) and (R)-DM-
SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%). The pressure tube was purged with argon and 
THF (0.2 mL, 1.0 M) and CH3CN (21 μL, 0.4 mmol, 200 mol%) were added, followed 
by enyne 3.1c (123 μL, 0.4 mmol, 200 mol%), aldehyde 3.4f (19 μL, 0.2 mmol, 100 
mol%) and HCO2H (13 μL, 0.3 mmol, 150 mol%). The septum was replaced with a 
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screw cap and the reaction was placed in 70 °C oil bath. After 48 hours, the reaction 
vessel was removed from the oil bath and was allowed to cool to room temperature. The 
volatiles were removed under reduced pressure via rotary evaporation and the residue 
was purified by flash chromatography (SiO2, 5% EtOAc/hexanes) to provide the homo-
propargylic alcohol 3.3f as a colorless oil in 78% yield (59.2 mg, 12:1 dr, 95% ee). 
 
1H NMR (400 MHz, CDCl3): δ 7.27-7.25 (m, 1H), 7.01 (m, 1H), 6.97-6.95 (m, 1H), 4.72 
(m, 1H), 2.86 (m, 1H), 2.57 (m, 1H), 1.51 (s, 6H), 1.17-1.02 (m, 26H). 
13C NMR (100 MHz, CDCl3): δ 145.2, 126.4, 124.9, 89.9, 82.0, 73.6, 66.2, 35.9, 33.4, 
18.3, 13.0. 
FTIR (neat): 2942, 2865, 1463, 1376, 1357, 1238, 1161, 1049, 1015, 904, 882, 679, 661 
cm-1. 
TLC Rf: 0.39 (4:1 hexanes:EtOAc). 
HRMS: Calculated for C21H36O2SSi: 380; Found: 379 (M-H). 
[α]D25 +22.7 (c = 1.01, CHCl3) at 95% ee. 
HPLC: Two consecutive Chiracel OD-H columns, hexanes:i-PrOH 99:1, 0.5 mL/min, 3 
μL injection. 
Anti-diastereomer: tmajor = 10.6 min, tminor = 10.3 min. 
Syn-diastereomer: tmajor = 11.4 min, tminor = 11.8 min. 






































Procedure A (via alcohol 3.2g): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%) and (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) were added, and the 
pressure tube was purged again with an argon balloon. Toluene (0.2 mL, 1.0 M) and i-
PrOH (15 µL, 0.1 mmol, 1 equiv) were added, followed by enyne 3.1c (92 µL, 0.3 mmol, 
1.5 equiv) and the alcohol 3.2g (26 μL, 0.2 mmol, 1 equiv). The septum was replaced 
with a screw cap and the reaction was heated at a 70 oC oil bath. After 48 hours, the re-
action vessel was removed from the oil bath and cooled to room temperature. The vola-
tiles were removed under reduced pressure via rotary evaporation and the residue was 
purified by flash chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the homo-
propargylic alcohol 3.3g as a colorless oil in 38% yield (30.4 mg, 41:1 dr, 99% ee). 
Procedure B (via aldehyde 3.4g): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (6.7 mg, 0.01 mmol, 2.5 
mol%) and (R)-DM-SEGPHOS (14.5 mg, 0.02 mmol, 5 mol%) were added, and the 
pressure tube was purged again with an argon balloon. THF (0.4 mL, 1.0 M) was added, 
followed by enyne 3.1c (185 µL, 0.6 mmol, 1.5 equiv), aldehyde 3.4g (50.5 µL, 0.4 
mmol, 1 equiv) and HCO2H (26 µL, 0.6 mmol, 1.5 equiv). The septum was replaced with 
a screw cap and the reaction was heated at 70 oC in a preheated oil bath. After 48 hours, 
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the reaction vessel was removed from the oil bath and cooled to room temperature. The 
THF was removed and the residue was purified by flash chromatography (SiO2, 3%-6% 
EtOAc/hexanes) to provide the homopropargylic alcohol 3.3g  in 67% yield (107.3 mg, 
25:1 dr, 94% ee). 
 
1H NMR (400 MHz, CDCl3): δ 7.38 (m, 2H), 7.32 (m, 2H), 7.25 (m, 1H), 6.64 (d, J = 
15.9 Hz, 1H), 6.21, (dd, J = 15.9, 6.6 Hz, 1H), 4.13-4.08 (m, 1H), 2.67 (dd, J = 8.1, 7.2 
Hz, 1H), 2.12 (d, J = 5.2 Hz, 1H), 1.51 (s, 6H), 1.19 (d, J = 7.2 Hz, 3H), 1.19-1.05 (m, 
21H). 
13C NMR (100 MHz, CDCl3): δ 136.6, 132.1, 129.4, 128.6, 127.5, 126.5, 89.4, 82.2, 
75.6, 66.2, 33.9, 33.64, 33.56, 18.3, 17.7, 16.6, 13.0. 
FTIR (neat): 3407, 2977, 2939, 2885, 2960, 2363, 1495, 1461, 1378, 1245, 1160, 1112, 
957, 881, 746, 685 cm-1. 
TLC Rf: 0.32 (8:1 hexanes:EtOAc). 
HRMS: Calculated for C25H40O2NaSi (M+Na): 423.2690; Found: 423.2691.  
[α]D25 +13.0 (c = 1.0, CHCl3) at 93% ee. 
HPLC: Chiracel OD-H column, hexanes:i-PrOH 96:4, 0.5 mL/min, 3 μL injection.  
Anti-diastereomer: tmajor = 12.2 min, tminor = 18.2 min. 
Syn-diastereomer: tmajor = 14.6 min, tminor = 20.0 min. 





























Procedure A (via alcohol 3.2h): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%) and (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) were added, and the 
pressure tube was purged again with an argon balloon. Trifluorotoluene (0.2 mL, 1.0 M) 
and HCO2H (4 µL, 0.1 mmol, 0.5 equiv) were added, followed by enyne 3.1c (92 µL, 0.3 
mmol, 1.5 equiv) and the alcohol 3.2h (29 μL, 0.2 mmol, 1 equiv). The septum was 
replaced with a screw cap and the reaction was heated at 60 oC in a preheated oil bath. 
After 48 hours, the reaction vessel was removed from the oil bath and cooled to room 
temperature. The residue applied directly to a silica gel column and was purified by flash 
chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the homopropargylic alcohol 
3.3h in 62% yield (51.4 mg, 32:1 dr, 90% ee). 
Procedure B (via aldehyde 3.4h): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%) and (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) 0.2 mmol, 1 equiv) 
were added, and the pressure tube was purged again with an argon balloon. THF (0.2 mL, 
1.0 M) was added, followed by enyne 3.1c (92 µL, 0.3 mmol, 1.5 equiv), the aldehyde 
3.4h (28 μL, 0.2 mmol, 1 equiv) and HCO2H (13 µL, 0.3 mmol, 1.5 equiv). The septum 
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was replaced with a screw cap and the reaction was heated at 60 oC in a preheated oil 
bath. After 48 hours, the reaction vessel was removed from the oil bath and cooled to 
room temperature. The THF was removed and the residue applied to a silica gel column 
and was purified by flash chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the 
homopropargylic alcohol 3.3h in 82% yield (67.9 mg, 24:1 dr, 89% ee). 
 
1H NMR (400 MHz, CDCl3): δ 7.36-7.22 (m, 5H), 6.52, (q, J = 1.4 Hz, 1H), 3.93 (dd, J = 
6.5, 4.0 Hz, 1H), 2.77 (dq, J = 6.9, 6.5 Hz, 1H), 2.28 ( d, J = 4.0 Hz, 1H), 1.85 (d, J = 1.4 
Hz, 3H), 1.51 (s, 6H), 1.15 (d, J = 6.9 Hz, 3H), 1.20-1.06 (m, 21H). 
13C NMR (100 MHz, CDCl3): δ 137.3, 137.1, 129.0, 128.2, 128.1, 126.6, 89.3, 82.5, 
81.0, 66.3, 33.64, 33.55, 31.9, 18.3, 17,4, 13.0. 
TLC Rf: 0.32 (9:1 hexanes:EtOAc). 
HRMS: Calculated for C25H41O2Si (M-1): 413.2871; Found: 413.2876.  
[α]D25 +26.0 (c = 1.9, CHCl3) at 89% ee. 
HPLC: Chiracel OD-H column, hexanes:iPrOH 96:4, 0.5 mL/min, 3 μL injection.  
Anti-diastereomer: tmajor = 8.6 min, tminor = 9.6 min. 
Syn-diastereomer: tmajor = 10.7 min, tminor = 11.9 min. 


























Procedure A (via alcohol 3.2i): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (6.8 mg, 0.01 mmol, 5 
mol%) and (R)-SEGPHOS (12.2 mg, 0.02 mmol, 10 mol%) were added, and the pressure 
tube was purged again with an argon balloon. Trifluorotoluene (0.2 mL, 1.0 M) and 
HCO2H (4 µL, 0.1 mmol, 0.5 equiv) were added, followed by enyne 3.1c (92 µL, 0.3 
mmol, 1.5 equiv) and the alcohol 3.2i (33.2 mg, 0.2 mmol, 1 equiv). The septum was 
replaced with a screw cap and the reaction was heated at 60 oC in a preheated oil bath. 
After 48 hours, the reaction vessel was removed from the oil bath and cooled to room 
temperature. The THF was removed and the residue applied to a silica gel column and 
was purified by flash chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide homo-
propargylic alcohol 3.3i in 53% yield (45.8 mg, 40:1 dr, 95% ee). 
Procedure B (via aldehyde 3.4i): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) and Na2SO4 (28.4 mg, 0.2 
mmol, 1 equiv) were added, and the pressure tube was purged again with an argon 
balloon. THF (0.2 mL, 1.0 M) was added, followed by enyne 3.1c (92 µL, 0.3 mmol, 1.5 
equiv), the aldehyde 3.4i (32.8 mg, 0.2 mmol, 1 equiv) and HCO2H (13 µL, 0.3 mmol, 
1.5 equiv). The septum was replaced with a screw cap and the reaction was heated at 60 
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oC in a preheated oil bath. After 48 hours, the reaction vessel was removed from the oil 
bath and cooled to room temperature. The residue applied directly to a silica gel column 
and was purified by flash chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide 
homopropargylic alcohol 3.3i in 89% yield (77.1 mg, 17:1 dr, 95% ee). 
 
1H NMR (400 MHz, CDCl3): δ 7.38-7.27 (m, 5H), 4.53 (s, 2H), 3.75-3.68 (m, 2H), 3.67-
3.61 (m, 1H), 2.61-2.54 (m, 1H), 2.51 (d, J = 4.7 Hz, 1H), 1.85-1.79 (m, 2H), 1.64 (br s, 
1H), 1.49 (s, 6H), 1.18 (d, J = 7 Hz, 3H), 1.16-1.10 (m, 3H), 1.08-1.04 (m, 18H).  
13C NMR (100 MHz, CDCl3): δ 138.1, 128.4, 127.6, 88.5, 82.7, 73.2, 72.9, 68.5, 66.2, 
34.0, 33.61, 33.55, 32.9, 18.3, 16.1, 13.0. 
FTIR (neat): 2940, 2865, 1461, 1376, 1358, 1161, 1049, 995, 918, 882, 734, 679, 660 
cm-1. 
TLC Rf: 0.14 (19:1 hexanes:EtOAc). 
HRMS: Calculated for C26H43O3Si (M-1): 431.2981; Found: 431.2984.  
[α]D25 +5.34 (c = 1.21, CHCl3) at 95% ee. 
HPLC: This material was analyzed as the p-nitrobenzoyl ester. Two sequential Chiracel 
OD-H columns, hexanes:i-PrOH 98.9:1.1, 1 mL/min, 3 μL injection.  
Anti-diastereomer: tmajor = 8.6 min, tminor = 9.6 min. 
Syn-diastereomer: tmajor = 10.7 min, tminor = 11.9 min. 


























Procedure A (via alcohol 3.2j): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (6.8 mg, 0.01 mmol, 5 
mol%) and (R)-SEGPHOS (12.2 mg, 0.02 mmol, 10 mol%) were added, and the pressure 
tube was purged again with an argon balloon. Trifluorotoluene (0.2 mL, 1.0 M) and 
HCO2H (4 µL, 0.1 mmol, 0.5 equiv) were added, followed by enyne 3.1c (92 µL, 0.3 
mmol, 1.5 equiv) and the alcohol 3.2j (25 μL, 0.2 mmol, 1 equiv). The septum was 
replaced with a screw cap and the reaction was heated at 60 oC in a preheated oil bath. 
After 48 hours, the reaction vessel was removed from the oil bath and cooled to room 
temperature. The residue applied directly to a silica gel column and was purified by flash 
chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the homopropargylic alcohol 
3.3j in 54% yield (40.1 mg, >50:1 dr, 99% ee). 
Procedure B (via aldehyde 3.4j): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) and Na2SO4 (28.4 mg, 0.2 
mmol, 1 equiv) were added, and the pressure tube was purged again with an argon 
balloon. THF (0.2 mL, 1.0 M) was added, followed by enyne 3.1c (92 µL, 0.3 mmol, 1.5 
equiv), the aldehyde 3.4j (25 μL, 0.2 mmol, 1 equiv) and HCO2H (13 µL, 0.3 mmol, 1.5 
equiv). The septum was replaced with a screw cap and the reaction was heated at 60 oC in 
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a preheated oil bath. After 48 hours, the reaction vessel was removed from the oil bath 
and cooled to room temperature. The residue applied directly to a silica gel column and 
was purified by flash chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the 
homopropargylic alcohol 3.3j in 68% yield (50.3 mg, >50:1 dr, 99% ee).  
 
1H NMR (400 MHz, CDCl3): δ 3.40-3.34 (m, 1H), 2.55-2.49 (m, 1H), 1.63 (d, J = 7.0 
Hz, 1H), 1.49 (s, 6H), 1.55-1.42 (m, 3H), 1.37-1.21 (m, 6H), 1.17 (d, J = 6.7 Hz, 3H), 
1.19-1.10 (m, 3H), 1.09-1.03 (m, 18H), 0.91-0.87 (m, 3H). 
13C NMR (100 MHz, CDCl3): δ 89.1, 82.4, 74.4, 66.2, 35.1, 33.7, 33.6, 33.1, 31.8, 25.5, 
22.6, 18.3, 17.1, 14.0, 13.0. 
FTIR (neat): 2933, 2864, 1463, 1376, 1358, 1241, 1161, 1050, 1015, 995, 919, 882, 728, 
679, 659 cm-1.  
TLC Rf: 0.31 (19:1 hexanes:EtOAc). 
HRMS: Calculated for C22H43O2Si (M-1): 367.3032; Found: 367.3031. 
[α]D25 +5.95 (c = 1.0, CHCl3). 
GC: Initial temperature of 70 oC held 5 min; 1 oC/min to 150; hold 20 min; 1 oC/min to 
200.  
Anti-diastereomer: tmin = 121.7 min, tmaj = 122.3 min. 
Syn-diastereomer: t = 125.9 min. 












From the alcohol oxidation level 
 
 








Procedure A (via alcohol 3.2k): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (6.8 mg, 0.01 mmol, 5 
mol%) and (R)-SEGPHOS (12.2 mg, 0.02 mmol, 10 mol%) were added, and the pressure 
tube was purged again with an argon balloon. Trifluorotoluene (0.2 mL, 1.0 M) and 
HCO2H (4 µL, 0.1 mmol, 0.5 equiv) were added, followed by enyne 3.1c (92 µL, 0.3 
mmol, 1.5 equiv) and the alcohol 3.2k (22 μL, 0.2 mmol, 1 equiv). The septum was 
replaced with a screw cap and the reaction was heated at 60 oC in a preheated oil bath. 
After 48 hours, the reaction vessel was removed from the oil bath and cooled to room 
temperature. The residue applied directly to a silica gel column and was purified by flash 
chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the homopropargylic alcohol 
3.3k in 48% yield (34.1 mg, >50:1 dr, 96% ee). 
Procedure B (via aldehyde 3.4k): A dry sealable pressure tube was sealed with a septum 
while hot and cooled under an argon balloon purge. [Ir(cod)Cl]2 (3.4 mg, 0.005 mmol, 
2.5 mol%), (R)-DM-SEGPHOS (7.2 mg, 0.01 mmol, 5 mol%) and Na2SO4 (28.4 mg, 0.2 
mmol, 1 equiv) were added, and the pressure tube was purged again with an argon 
balloon. THF (0.2 mL, 1.0 M) was added, followed by enyne 3.1c (92 µL, 0.3 mmol, 1.5 
equiv), the aldehyde 3.4k (22 μL, 0.2 mmol, 1 equiv) and HCO2H (13 µL, 0.3 mmol, 1.5 
equiv). The septum was replaced with a screw cap and the reaction was heated at 60 oC in 
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a preheated oil bath. After 48 hours, the reaction vessel was removed from the oil bath 
and cooled to room temperature. The residue applied directly to a silica gel column and 
was purified by flash chromatography (SiO2, 1%-5% EtOAc/hexanes) to provide the 
homopropargylic alcohol 3.3k in 68% (48.3 mg, >50:1 dr, 96% ee). 
 
1H NMR (400 MHz, CDCl3): δ 3.49-3.43 (m, 1H), 2.52-2.45 (m, 2H), 1.86-1.76 (m, 1H), 
1.61 (br s, 1H), 1.50 (s, 6H), 1.47-1.40 (m, 1H), 1.31-1.25 (m, 1H), 1.17 (d, J = 7.1 Hz, 
3H), 1.16-1.10 (m, 3H), 1.09-1.05 (m, 18H), 0.92 (t, J = 6.7 Hz, 6H). 
13C NMR (100 MHz, CDCl3): δ 89.1, 82.4, 72.4, 66.2, 44.3, 33.7, 33.60, 33.57, 24.6, 
23.5, 21.9, 18.3, 17.0, 13.0. 
FTIR (neat): 2943, 2866, 1464, 1376, 1358, 1241, 1161, 1050, 1015, 993, 957, 918, 882, 
734, 679, 659 cm-1. 
TLC Rf: 0.29 (19:1 hexanes:EtOAc). 
HRMS: Calculated for C21H41O2Si (M-1): 353.2876; Found: 353.2881.  
[α]D25 +5.12 (c = 0.88, CHCl3). 
HPLC: This material was analyzed as the p-nitrobenzoyl ester. Two sequential Chiracel 
OD-H columns, with a gradient of 100% Hexanes (10 minutes) to 99:1 hexanes:i-PrOH 
(10 minutes), 1 mL/min, 3 μL injection.  
Anti-diastereomer: tmajor = 10.7 min, tminor = 9.5 min. 
























General Procedure for Deprotection and Proof of Absolute Stereochemistry 
Homopropargylic alcohol 3.3 was taken up in 1.0 M TBAF (1.5 equiv) and stirred at 
room temperature. When TLC indicated complete conversion to the corresponding diol 
(5-12 h), the reaction was diluted in toluene (0.3 M) and powdered NaOH was added (3 
equiv). The reaction mixture was brought to reflux and monitored by TLC. When 
complete (1-2 h), the reaction was cooled and applied directly to a flash chromatography 



















 (1R,2R)-1-(4-Bromophenyl)-2-methylbut-3-yn-1-ol (3.5c) 
 
This material was prepared according to General Procedure on a 0.11 mmol scale giving 
terminal alkyne 3.3c as a colorless oil after purification via flash chromatography (SiO2, 
neat dichloromethane) (22.7 mg, 86% yield, 11:1 dr). 1H and 13C NMR were consistent 
with literature data.6 
 
1H NMR (400 MHz, CDCl3): δ 7.47 (m, 2H), 7.25 (m, 2H), 4.49 (dd, J = 6.9, 3.6 Hz, 
1H), 2.76 (ddq, J = 6.9, 6.7, 2.4 Hz, 1H), 2.56 (d, J = 3.6 Hz, 1H), 2.21 (d, J = 2.4 Hz, 
1H), 1.11 (d, J = 7.0 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 140.3, 131.4, 128.3, 121.9, 84.9, 76.6, 71.7, 35.0, 17.0. 
TLC Rf: 0.61 (2:1 hexanes:EtOAc). 








                                                          





This material was prepared according to General Procedure on a 0.24 mmol scale giving 
terminal alkyne 3.5g as a colorless oil (21.1 mg, 70% yield, >20:1 dr). 
 
1H NMR (400 MHz, CDCl3): δ 7.42-7.39 (m, 2H), 7.35-7.30 (m, 2H), 7.27-7.23 (m, 1H), 
6.66 (d, J = 16.1 Hz, 1H), 6.25 (dd, J = 16, 6.6 Hz, 1H), 4.17 (ddd, J = 6.6, 5.9, 4.6 Hz, 
1H), 2.69 (ddq, J = 7.1, 5.9, 2.4 Hz, 1H), 2.20 (d, J = 2.4 Hz, 1H), 2.17 (d, J = 4.6 Hz, 
1H), 1.26 (d, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 136.4, 132.3, 129.2, 128.6, 127.9, 126.6, 85.0, 75.5, 71.2, 
33.5, 17.0.  
FTIR (neat): 3400 (br), 3296, 2976, 2934, 1495, 1449, 1374, 1259, 1098, 1071, 1028, 
966, 838, 802, 748, 692 cm-1. 
TLC Rf: 0.22 (4:1 hexanes:EtOAc). 
HRMS: Calculated for C13H14O: 186.1045; Found: 185.1055. 














This material was prepared according to the General Procedure on a 0.13 mmol scale. 
The crude reaction mixture was directly applied to a silica gel column and the terminal 
alkyne 3.5i was eluted (SiO2, 40% Et2O/hexanes) as a colorless oil (24.1 mg, 89% yield, 
>20:1 dr). 1H and 13C NMR were consistent with literature data.7  
 
1H NMR (400 MHz, CDCl3): δ 7.37-7.27 (m, 5H), 4.53 (s, 2H), 3.78-3.71 (m, 2H), 3.69-
3.63 (m, 1H), 2.84 (br s, 1H), 2.60-2.53 (m, 1H), 2.11 (d, J = 2.4 Hz, 1H), 1.94-1.80 (m, 
2H), 1.24 (d, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 137.9, 128.4, 127.70, 127.66, 85.4, 73.3, 73.0, 70.5, 
68.6, 34.0, 32.6, 16.7. 
TLC Rf: 0.65 (2:1 hexanes:EtOAc). 
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Chapter 4: Regioselective Ruthenium Catalyzed Prenylation and 
Geranylation of Secondary Carbinol C-H Bonds1 
4.1 Introduction 
One chief characteristic of process relevance is the capability to convert abundant, 
ideally renewable feedstocks to value-added products in the absence of stoichiometric 
byproducts.2 This unique feature is well embodied by catalytic hydrogenation, which is 
broadly utilized across the chemical industry;3 classical C-C bond forming hydrogenation 
represented by alkene hydroformylation4 also exemplifies the aforementioned principle. 
Efforts toward the development of C-C bond forming hydrogenations beyond 
hydroformylation were initiated in our laboratory. Primary focus in our laboratory is the 
development of atom economical protocols that involves C-C bond constructions via 
direct couplings between π -unsaturated reactants and carbonyl partners,5 departing from 
the use of stoichiometric organometallic reagents in a range of C=X (X = O, NR) 
addition processes. However, secondary alcohols failed in participating in C-C couplings 
presumably due to the significantly diminished electrophilicity of the transient ketones 
generated upon dehydrogenation. 
In the course of advancing transfer hydrogenative diene-carbonyl coupling 
methods, 2-substituted dienes have been extensively investigated. Protocols for diene-
carbonyl couplings typically involve stoichiometric organometallic reagents to facilitate 
generation of allylmetal species prior to carbonyl additions.6,7,8,9,10,11 Regioselectivity 
displayed in these diene couplings is catalyst system dependent; C-C coupling can occur 
at C1, C2, C3 or C4 position to furnish different types of carbonyl addition products 
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(Figure 4.1). While direct couplings at C1, C2 and C3 position are well precedented;5,11a-d 
direct couplings at C4 is not well developed. Remarkably, with the discovery of a new 
ruthenium catalyst system to be discussed in this chapter, coupling was observed 
selectively at C4 position when isoprene was employed. 
Figure 4.1. Regioselectivity in intermolecular metal-catalyzed C-C couplings of 2-
substituted dienes to carbonyl partners. 
 
4.2 Reaction Development and Optimization 
 Ruthenium and iridium based catalysts have been effective in transfer 
hydrogenative diene-alcohol couplings.12,13 However, the aforementioned C-C forming 
protocols developed in our laboratory were limited to primary alcohols or their 
corresponding aldehydes; attempts to employ secondary alcohols in C-C couplings were 
unsuccessful. We postulated that coupling of related α-hydroxy esters and π -unsaturated 
reactants might be feasible under transfer hydrogenation conditions, for the transient α-
ketoesters would be more susceptible to nucleophilic addition than ketones. Initial 
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experiments using various ruthenium and iridium catalysts were performed by former 
coworkers to evaluate for their ability to promote the C-C coupling of racemic ethyl 
mandelate 4.4a to isoprene 4.5. However, these attempts did not produce desirable 
products, and in some cases, the α-ketoester, oxo-4.4a, was obtained as the major 
product. Previously, Beller reported that the catalyst derived from Ru3(CO)12 and 
phosphine ligands was effective for amination of secondary alcohols via 
“dehydrogenation-functionalization-hydrogenation” sequence.14 Recently, Beller demon-
strated a direct conversion of α-hydroxy amides to α-amino amides by way of dehydro-
genation of the former using the catalyst system generated from Ru3(CO)12 and 
Cy2P(CH2)2PCy2 (Scheme 4.1).15  
Scheme 4.1. Ruthenium catalyzed amination of α-hydroxypropanamide using aniline. 
 
 This illustration of the principle of dehydrogenation in combination with in situ 
imine formation followed by hydrogenation to achieve amination (Scheme 4.1) prompted 
us to test our hypothesis of C-C coupling to α-hydroxy ester under the reported 
conditions. By using Ru3(CO)12 and Cy2P(CH2)2PCy2 in the presence of t-amyl alcohol  at 
150 °C, the product from the coupling of ethyl mandelate and isoprene was obtained in 
trace amount. Encouraged by the observed C-C bond formation under this catalyst 
system, reaction time was extended to 48 h, however, the reaction only resulted in 10% 
isolated yield (Table 4.1, entry 1).  
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Despite the low yielding outcome, the product was obtained with unique 
regioselectivity; C-C coupling was observed at the C4-position of isoprene, rendering 
direct carbinol C-H prenylation. By simply changing the solvent from t-amyl alcohol to 
THF and doubling the loading of the ligand, the isolated yield of 4.6a was increased to 
45% yield (Table 4.1, entry 2). Due to the air sensitivity of the Cy2P(CH2)2PCy2, other 
bidentate phosphine ligands were assayed under these reaction conditions; ferrocene-
derived ligands such as DPPF and DiPPF and phosphine ligand BINAP-Cy2 were found 
unsuccessful in promoting C-C bond formation at the carbinol position (Table 4.1, entries 
3-5). In contrast, monodentate phosphine ligand PCy3 (12 mol%) exhibited promising 
reactivity that led to 59% isolated yield of 4.6a (Table 4.1, entry 6). 
Table 4.1. Selected optimization experiments in the C-C coupling of α-hydroxy ester 
4.4a to isoprene 4.5.a 
 





It was found that a comparable isolate yield could be obtained at 130 °C by 
extending the reaction time to 72 h (Table 4.1, entry 7). At this stage, various solvents 
were evaluated (Table 4.1, entries 8-10). When the reaction was conducted in toluene, 
4.6a was obtained in 68% isolated yield; a further increase in ligand loading did not show 
any significant improvement in isolated yield (Table 4.1, entry 11).  Decreasing reaction 
concentration decreased conversion of 4.6a (Table 4.1, entries 12-13). However, when 
the isoprene loading increased to 500 mol% and the reaction time was decreased to 48 h, 
desired n-prenylated product 4.6a was furnished in 75% yield (Table 4.1, entry 15). 
4.3 Reaction Scope 
 With the optimal conditions in hand, Ru3(CO)12 and PCy3 were combined to form 
the active catalyst in situ that promoted the C-C bond formation at the carbinol position. 
A range of α-hydroxy esters were explored in the coupling with isoprene 4.5; aryl-
substituted α-hydroxy esters 4.4a-f successfully coupled to isoprene 4.5 to furnish n-
prenylated products 4.6a-f in good yields with complete levels of regioselectivity (Table 
4.2). However, the analogous coupling reactions of the alkyl-substituted α-hydroxy esters 








Table 4.2. Prenylation of α-hydroxy esters 4.4a-4.4f via ruthenium catalyzed hydro-
hydroxyalkylation of isoprene 4.5.a 
 
aYields are of material isolated by silica gel chromatography. bisoprene 4.5 (600 mol%). 
 When ethyl mandelate 4.4a was coupled with myrcene 4.7, desired product 4.8a 
was obtained in 97% isolated yield as a single regioisomer. Hence, to study the scope, an 
identical set of aryl-substituted α-hydroxy esters 4.4a-f participated in the C-C coupling 
with myrcene to deliver products of geranylation 4.8a-f in good yields with complete 
control of regioselectivity and olefin geometry (Table 4.3). Other commercially available 
dienes such as 2,3-dimethylbutadiene, 1,3-pentadiene, and 3-methyl-1,3-pentadiene were 
evaluated as coupling partner under identical reaction conditions, though conversion to 
product was poor. 
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Table 4.3. Geranylation of α-hydroxy esters 4.4a-4.4f via ruthenium catalyzed hydro-
hydroxyalkylation of myrcene 4.7.a 
 
aYields are of material isolated by silica gel chromatography. bmyrcene 4.7 (400 mol%). 
4.4 Proposed Reaction Mechanism 
 To gain further insights into the origin of the observed regioselectivity from this 
catalyst system, deurated-4.4a was prepared and was exposed to isoprene 4.5 under 
standard reaction conditions (Scheme 4.2). When deurated-4.4a was employed in the 
coupling reaction, the corresponding α-ketoester oxo-4.4a was obtained in 9% isolated 
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yield and deuterio-4.6a was delivered in 61% isolated yield with 50% deuterium 
incorporation at the cis- methyl group of the n-prenyl moiety. Incomplete deuterium 
incorporation might be attributed to the reversible transfer of hydrogen between deuterio-
4.4a and isoprene, as supported by the deuterium loss observed in the recovered deuterio-
4.4a (54% 2H). The regioselectivity and extent of 2H incorporation were evaluated and 
confirmed by means of 1H and 2H NMR spectroscopy.  
Scheme 4.2. Ruthenium catalyzed prenylation using deuterio-4.4a. 
 
 A plausible catalytic cycle was proposed based on the observed regioselectivity of 
the prenylated products (Scheme 4.3). In prior developments in ruthenium catalyzed 
diene-carbonyl couplings in our laboratory, ruthenium(II) catalysts were employed and 
mechanism involved generation of π -allylruthenium intermediates upon diene 
hydrometallation.2 Unlike these well-studied systems which undergo hydrometallation 
pathway, here we proposed that our present ruthenium(0) catalyst system involved diene-
carbonyl oxidative coupling on the basis of the isotopic labeling results, the observed 
olefin geometry and regioselectivity in the prenylated products.  
 Dehydrogenation of ethyl mandelate 4.4a generated oxo-4.4a which then engaged 
in oxidative coupling with isoprene to form oxaruthenacycle I. Complex I then reversibly 
rearranged to form oxaruthenacycloheptene intermediate II. Upon protonolysis by 
deuterio-4.4a, intermediate III was delivered, followed by β-deuteride elimination to 
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afford ruthenium deuteride IV. C-D reductive elimination delivered deuterio-4.6a with 
deuterium incorporation at the cis-methyl group of the prenyl moiety. This was 
confirmed by the NOE experiments and was consistent with the observation from the 
abovementioned deuterium labeling studies. 
Scheme 4.3. Plausible catalytic mechanism for coupling of isoprene 4.5 to oxo-4.4a. 
 
aThe regioselectivity and extent of 2H incorporation was determined using 1H and 2H NMR 
spectroscopy. Reaction time of 48 hours. 
 
 To further challenge the hypothesized oxidative coupling mechanistic pathway, 
C-C coupling between ethyl mandelate and butadiene 4.9 was conducted under standard 
conditions, and olefin geometry was confirmed by the NOE experiments. As anticipated 
by the proposed catalytic cycle, allylation product 4.10 was obtained in 75% isolated 
yield as a (Z)-stereoisomer, consistent with the formation of oxaruthenacycle inter-




Scheme 4.4. Coupling of α-hydroxy ester 4.4a to butadiene 4.9 under identical hydro-
hydroxyalkylation conditions. 
 
 Beller’s work15 and our collective studies indicated that the Ru3(CO)12-phosphine 
catalyst system was found to be more effective at promoting alcohol dehydrogenations 
that require β-hydride elimination of electron deficient secondary carbinol C-H bonds as 
compared to ruthenium(II) catalysts.  
4.5 Summary 
 In summary, zero-valent ruthenium catalyst in combination with phosphine 
ligands was discovered to promote C-C coupling of secondary carbinol C-H bonds; 
hence, it represented the first transfer hydrogenative diene coupling with secondary 
alcohols. Notably, this methodology exhibits diene C4-regioselectivity unique among 
catalytic diene-carbonyl C-C couplings, rendering access to products of n-prenylation and 
geranylation. Additionally, deuterium labeling experiments provided supporting evidence 
for oxidative coupling mechanism, corroborating the observed regioselectivity and olefin 
geometry of the products. Under transfer hydrogenation conditions, direct prenylation 
and geranylation of secondary carbinol C-H bonds employing isoprene and myrcene 





4.6 Experimental Section 
General Experimental Details All reactions were run under an atmosphere of argon, 
unless otherwise indicated. Toluene was distilled from sodium/benzophenone and 
transferred via an oven-dried syringe. Reaction tubes were oven-dried and cooled under a 
stream of argon. Reactions tubes were purchased from Fischer Scientific (catalog number 
14-959-35C).  Ru3(CO)12 and PCy3 were used as received from commercial suppliers. 
DL-Ethyl mandelate is comercially available, but was prepared via esterification between 
mandelic acid and ethanol. α-Hydroxy esters 4.4b-4.4f were prepared in accordance with 
literature procedures.1,2,3,4 Deuterio-4.4a was prepared from the reduction of DL-ethyl 2-
oxo-2-phenylacetatewith LiAlD4. Isoprene was distilled immediately before each use, and 
myrcene was distilled after purchase from commercial suppliers. Analytical thin-layer 
chromatography (TLC) was carried out using 0.2-mm commercial silica gel plates (DC-
Fertigplatten Kieselgel 60 F254) and products were visualized by UV, KMnO4, magic stain 
and/or p-anisaldehyde stain. Preparative column chromatography employing silica gel 
was performed according to the method of Still.5 Infrared spectra were recorded on a 
Perkin-Elmer 1600 spectrometer. High-resolution mass spectra (HRMS) were obtained 
on a Karatos MS9 and are reported as m/z (relative intensity). Accurate masses are 
reported for the molecular ion [M+H]+ or a suitable fragment ion. Melting points were 
obtained on a Thomas-Hoover Unimelt apparatus and are uncorrected. Proton and 
                                                          
1 Ianni, A.; Waldvogel, S. R. Synthesis 2006, 2103. 
2 S. Hu, S.; Neckers, D. C. J. Org. Chem. 1996, 61, 6407. 
3 Creary, X. J. Org. Chem. 1987, 52, 5026. 
4 Kwiatowski, J.; Majer, J.; Kwiatowski, P.; Jurczak, J. Synthesis 2008, 3237. 
5 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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deuteron nuclear magnetic resonance (1H NMR) spectra were recorded with a Varian 
Gemini 400 MHz spectrometer. Chemical shifts are reported in delta (δ) units, parts per 
million (ppm) downfield from tetramethylsilane or ppm relative to the center of the 
singlet at 7.26 ppm for deuteriochloroform. Coupling constants are reported in Hertz 
(Hz). Carbon-13 nuclear magnetic resonance (13C NMR) spectra were recorded with a 
Varian Gemini 400 spectrometer (100 MHz). Chemical shifts are reported in delta (δ) 
units, ppm relative to the center of the triplet at 77.0 ppm for deuteriochloroform. 13C 














Experimental Procedures and Spectroscopic Data for Preparation for α-Hydroxy 
Ester 4.4f 
Ethyl 2-(benzo[d][1,3]dioxol-5-yl)-2-hydroxyacetate (4.4f) 
 
Benzo[1,3]dioxole (0.9 mL, 8.2 mmol, 100 mol%l) and ethyl oxalyl chloride (1.83 mL, 
16.4 mmol, 200 mol%) were dissolved in anhydrous methylene chloride (11.6 mL, 0.7 
M) in a 50mL flask equipped with a magnetic stirrer. The reaction mixture was cooled in 
an ice-salt bath and was allowed to stir for 15 min, at which point of aluminum chloride 
(2.18 g, 16.4 mmol, 200 mol%) was added in small portions over 15 min. When the 
solution turned red-brown and became homogenous, the ice-salt bath was removed and 
the mixture was poured over 50g of crushed ice and 20 mL of concentrated hydrochloric 
acid. The decomposed mixture was washed with 20 mL of 0.1 N sodium hydroxide three 
times. The organic layers were combined and dried over MgSO4. The solvent was 
evaporated, the crude product was purified by flash column chromatography (SiO2, 
hexanes/EtOAc) to give benzo[1,3]dioxol-5-ylglyoxylic acid ethyl ester (0.85g, 46%) .  
Benzo[1,3]dioxol-5-ylglyoxylic acid ethyl ester (0.85g, 3.8 mmol) in a round bottom 
flask was added 6mL of ethanol at -30°C under an inert atmosphere. To the reaction 
mixture was added NaBH4 (72mg, 1.9 mmol, 50 mol%) in three small portions. After 15 
min, the reaction was monitored by TLC. When the reaction was complete, the reaction 
mixture was quenched with saturated NH4Cl at -30°C. The reaction mixture was 
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extracted with 20 mL ethyl acetate five times. The combined organic layers were dried 
over by MgSO4. The crude product was concentrated and purified by flash column 
chromatography (SiO2, hexanes/EtOAc) to give ethyl 2-(benzo[d][1,3]dioxol-5-yl)-2-
hydroxyacetate (0.75g, 88%) as white solid product. 
 
1H NMR (400 MHz, CDCl3): δ 6.89 (d, J = 6.8 Hz, 1H), 6.88 (s, 1H), 6.79 (d, J = 8.4 Hz, 
1H), 5.963 (s, 2H) 5.05 (d, J = 5.6 Hz, 1H), 4.29-4.15 (m, 2H), 3.42 (d, J = 6.8 Hz, 1H), 
1.24 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 173.7, 147.8, 147.7, 132.3, 120.3, 108.2, 106.9, 101.2, 
72.6, 62.3, 14.0. 
HRMS (CI) Calcd. For C11H13O5 [M-H]+: 225, Found: 225. 
FTIR (Solid): 3766, 2983, 2253, 1728, 1488, 1444, 1244, 1097, 1040, 905, 726, 679   
cm-1. 







Experimental Procedures and Spectroscopic Data for Preparation for the Coupling 
of Dienes and α-Hydroxy Esters 
General Procedure for the coupling of isoprene to α-hydroxy esters 4.4a-4.4f 
To a pressure tube equipped with magnetic stir bar was added Ru3(CO)12 (3.8 mg, 0.006 
mmol, 2 mol%) and PCy3 (10.1 mg, 0.036 mmol, 12 mol%). The tube was then sealed 
with a rubber septum, purged with argon. At this stage, α-hydroxy esters 4.4a-4.4f (0.300 
mmol, 100 mol%), and PhMe (1.5 mL, 0.20 M concentration with respect to α-hydroxy 
esters), and isoprene (147.2 μL, 1.500 mmol, 500 mol%) were added. The rubber septum 
was quickly replaced with a screw cap. The reaction was heated to 130 °C for the 
indicated time. The reaction mixture was concentrated in vacuo and purified by flash 
column chromatography (SiO2) under the conditions noted to furnish prenylated α-
hydroxy esters. 
General Procedure for the coupling of myrcene to α-hydroxy esters 4.4a-4.4f 
To a pressure tube equipped with magnetic stir bar was added Ru3(CO)12 (3.8 mg, 0.006 
mmol, 2 mol%) and PCy3 (10.1 mg, 0.036 mmol, 12 mol%). The tube was then sealed 
with a rubber septum, purged with argon. At this stage, α-hydroxy esters 4.4a-4.4f (0.300 
mmol, 100 mol%), and PhMe (1.5 mL, 0.20 M concentration with respect to α-hydroxy 
esters), and myrcene (256.7 μL, 1.500 mmol, 500 mol%) were added. The rubber septum 
was quickly replaced with a screw cap. The reaction was heated to 130 °C for the 
indicated time. The reaction mixture was concentrated in vacuo and purified by flash 




Experimental Procedures and Spectroscopic Data for Prenylated α-Hydroxy Esters 
4.6a-4.6f 
Ethyl 2-hydroxy-5-methyl-2-phenylhex-4-enoate (4.6a) 
 
General Procedure: The reaction was heated for 48 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (55.8 mg, 75%) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.64-7.62 (m, 2H), 7.38-7.34 (m, 2H), 7.31-2.27 (m, 1H), 
5.19-5.14 (m, 1H), 4.28-4.14 (m, 2H), 3.72 (d, J = 0.4 Hz, 1H), 3.00 (dd, J = 14.4, 7.6 
Hz, 1H), 2.67 (dddd, J = 15.2, 6.4, 2.0, 0.8 Hz, 1H), 1.71 (s, 3H), 1.65 (s, 3H), 1.26 (t, J = 
7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.9, 141.8, 136.0, 128.2, 127.6, 125.6, 117.7, 78.3, 
62.3, 38.6, 26.0, 18.1, 14.0. 
HRMS (CI) Calcd. For C15H21O3 [M-H]+: 249, Found: 249.  











Ethyl 2-hydroxy-5-methyl-2-p-tolylhex-4-enoate (4.6b) 
 
General Procedure: In modification to the general procedure, 600 mol% of isoprene was 
employed and the reaction was heated for 72 hours, concentrated in vacuo and purified 
by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (46.4 mg, 59%) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H), 5.17-
5.13 (m, 1H), 4.25-4.15 (m, 2H), 3.65 (s, 1H), 2.95 (dd, J = 14.4, 7.6 Hz, 1H), 2.64 (dd, J 
= 14.4, 6.8 Hz, 1H), 2.31 (s, 3H). 1.70 (s, 3H), 1.64 (s, 3H), 1.25 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 175.0, 138.9, 137.4, 135.9, 128.9, 125.5, 117.8, 78.17, 
62.3, 38.6, 26.0, 21.0, 18.2, 14.0. 
HRMS (CI) Calcd. For C16H23O3 [M-H]+: 263, Found: 263. 













Ethyl 2-(4-bromophenyl)-2-hydroxy-5-methylhex-4-enoate (4.6c) 
 
General Procedure: The reaction was heated for 72 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (65.8 mg, 67%) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.52-7.46 (m, 4H ), 5.13-5.08 (m, 1H), 4.28-4.15 (m, 
2H), 3.71 (s, 1H),  2.91 (dd, J = 14.4, 7.6 Hz, 1H), 2.62 (dd, J = 14.8, 6.8 Hz, 1H), 1.70 
(s, 3H), 1.63 (s, 3H), 1.26 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.8, 141.0, 136.3, 131.2, 127.6, 122.0, 117.3, 78.1, 
62.2, 38.7, 26.2, 18.6, 14.3. 
HRMS (CI) Calcd. For C15H20BrO3 [M-H]+: 327, Found: 327. 
FTIR (neat): 3511, 2978, 2924, 1726, 1485, 1446, 1396, 1230, 1194, 1093, 1071, 1009, 












Ethyl 2-hydroxy-5-methyl-2-(4-(trifluoromethyl)phenyl)hex-4-enoate (4.6d) 
 
General Procedure: The reaction was heated for 48 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (68.3 mg, 72%) as a pale yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.75 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H), 5.12-
5.07 (m, 1H), 4.26-4.16 (m, 2H), 3.76 (s, 1H), 2.94 (dd, J = 14.4, 7.6 Hz, 1H), 2.63 (dd, J 
= 14.4, 6.4 Hz, 1H), 1.68 (s, 3H), 1.57 (s, 3H), 1.25 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.3, 145.6, 136.6, 129.9 (q, J = 31.9 Hz), 126.2, 125.1, 
117.1, 78.1, 62.7, 38.9, 26.0, 18.2, 14.0. 
HRMS (CI) Calcd. For C16H20F3O3 [M-H]+: 317, Found: 317. 








Ethyl 2-hydroxy-2-(4-methoxyphenyl)-5-methylhex-4-enoate (4.6e) 
 
General Procedure: In modification to the general procedure, 600 mol% of isoprene was 
employed and the reaction was heated for 72 hours, concentrated in vacuo and purified 
by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (55.1 mg, 66%) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 8.0 Hz, 2H), 6.87 (d, J = 8.0 Hz, 2H), 5.16-
5.12 (m, 1H), 4.25-4.15 (m, 2H), 3.66 (s, 1H),  2.94 (dd, J = 14.4, 7.6 Hz, 1H), 2.63 (dd, 
J = 14.8, 6.8 Hz, 1H), 1.70 (s, 3H), 1.64 (s, 3H), 1.25 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 175.3, 159.1, 136.0, 134.2, 126.8, 117.8, 113.5, 78.1, 
62.3, 55.7, 38.5, 26.1, 18.2, 14.3. 
HRMS (CI) Calcd. For C16H23O4 [M-H]+: 279, Found: 279. 













Ethyl 2-(benzo[d][1,3]dioxol-5-yl)-2-hydroxy-5-methylhex-4-enoate (4.6f) 
 
General Procedure: In modification to the general procedure, 600 mol% of isoprene was 
employed and the reaction was heated for 4 days, concentrated in vacuo and purified by 
flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title compound 
(63.1 mg, 72%) as a pale yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.10 (d, J = 7.6 Hz, 2H), 6.78 (d, J = 8.0 Hz, 2H), 5.95 (s, 
2H), 5.13 (t, J = 7.2 Hz, 1H), 4.28-4.14 (m, 2H), 3.66 (s, 1H), 2.90 (dd, J = 14.8, 7.6 Hz, 
1H), 2.61 (dd, J = 14.8, 6.8 Hz, 1H), 1.70 (s, 3H), 1.64 (s, 3H), 1.26 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.9, 147.6, 147.0, 1.6.0, 135.8, 119.0, 117.6, 107.8, 
106.5, 101.1, 78.0, 62.3, 38.7, 26.0, 18.2, 14.0. 
HRMS (CI) Calcd. For C16H21O5 [M-H]+: 293, Found: 293.  














Experimental Procedures and Spectroscopic Data for Geranylated α-Hydroxy 
Esters 4.8a-4.8f 
(E)-Ethyl 2-hydroxy-5,9-dimethyl-2-phenyldeca-4,8-dienoate (4.8a) 
 
General Procedure: In modification to the general procedure, 400 mol% of myrcene 
was employed and the reaction was heated for 48 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (75.0 mg, 79%, >20:1 E:Z) as a yellow oil.  
 
1H NMR (400 MHz, CDCl3): δ 7.62 (m, 2H), 7.37-7.27 (m, 3H), 5.17 (m, 1H), 5.05 (m, 
1H), 4.21 (m, 2H), 3.68 (s, 1H), 2.99 (dd, J = 14.9, 7.7 Hz, 1H), 2.66 (ddd, J = 14.5, 6.7, 
0.7 Hz, 1H), 1.68 (s, 3H), 1.64 (s, 3H), 1.59 (s, 3H), 1.26 (t, J = 7.0 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.9, 141.8, 139.7, 131.6, 128.1, 127.6, 125.6, 124.0, 
117.7, 78.3, 62.3, 39.9, 38.6, 26.5, 25.7, 17.7, 16.4, 14.1. 
HRMS (CI) Calcd. For C20H29O3 [M-H]+: 317, Found: 317.  
FTIR (neat): 3519, 2966, 2915, 1724, 1447, 1225, 1193, 1104, 730, 698 cm-1. 
 
(Note: NOE experiments were performed on 4.8a, where the allylic protons as indicated 











 (E)-Ethyl 2-hydroxy-5,9-dimethyl-2-p-tolyldeca-4,8-dienoate (4.8b) 
 
General Procedure: The  reaction was heated for 4 days, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (67.4 mg, 68%, >20:1 E:Z) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.50 (m, 2H), 7.16 (m, 2H), 5.17 (m, 1H), 5.05 (m, 1H), 
4.19 (m, 2H), 3.65 (s, 1H), 2.97 (dd, J = 14.6, 7.8 Hz, 1H), 2.64 (dd, J = 14.6, 6.4 Hz, 
1H), 2.34 (s, 3H), 1.68 (s, 3H), 1.64 (s, 3H), 1.59 (s, 3H), 1.25 (t, J = 7.0 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 175.0, 139.6, 138.9, 137.3, 131.5, 128.9, 125.5, 124.1, 
117.8, 78.2, 62.2, 39.9, 38.5, 26.5, 25.7, 21.0, 17.7, 16.4, 14.1. 
HRMS (CI) Calcd. For C21H31O3 [M-H]+: 331, Found: 331. 













(E)-Ethyl 2-(4-bromophenyl)-2-hydroxy-5,9-dimethyldeca-4,8-dienoate (4.4c) 
 
General Procedure: The  reaction was heated for 72 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (85.4 mg, 72%, >20:1 E:Z) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.52-7.45 (m, 4H), 5.15-5.11 (m, 1H), 5.05-5.01 (m, 1H), 
4.25-4.16 (m, 2H), 3.69 (s, 1H), 2.93 (dd, J = 16.0, 8.0 Hz, 1H), 2.63 (dd, J = 16.0, 8.0 
Hz, 1H), 2.10-1.95 (m, 3H), 1.68 (s, 3H), 1.63 (s, 3H), 1.58 (s, 3H), 1.26 (t, J = 8.0 Hz, 
3H). 
13C NMR (100 MHz, CDCl3): δ 174.4, 140.8, 140.0, 131.9, 131.2, 127.6, 123.9, 121.9, 
117.2, 78.1, 62.5, 39.8, 38.6, 26.4, 25.7, 17.7, 16.4, 14.0. 
HRMS (CI) Calcd. For C20H28BrO3 [M-H]+: 395, Found: 395. 















General Procedure: The  reaction was heated for 72 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (84.2 mg, 73%, >20:1 E:Z) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H), 5.14 (t, 
J = 7.4 Hz, 1H), 5.05-5.02 (m, 1H), 4.27-4.18 (m, 2H), 3.77 (s, 1H), 2.97 (dd, J = 14.4, 
7.6 Hz, 1H), 2.69-2.64 (dd, J = 14.4, 7.2 Hz, 1H), 2.02-1.98 (m, 4H), 1.68 (d, J = 0.8 Hz, 
3H), 1.64 (d, J = 0.4 Hz, 3H), 1.59 (s, 3H), 1.27 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.5, 145.9, 140.6, 132.0, 130.2 (q, J = 32 Hz), 126.5, 
125.4, 125.3, 124.2, 117.4, 78.4, 63.0, 40.1, 39.1, 26.7, 26.0, 18.0, 16.7, 14.3. 
HRMS (CI) Calcd. For C21H28F3O3 [M-H]+: 385, Found: 385. 











(E)-Ethyl 2-hydroxy-2-(4-methoxyphenyl)-5,9-dimethyldeca-4,8-dienoate (4.8e) 
 
General Procedure: The  reaction was heated for 72 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (65.4 mg, 63%, >20:1 E:Z) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 5.16, 
(t, J = 6.8 Hz, 1H), 5.06-5.03 (m, 1H), 4.26-4.13 (m, 2H), 3.80 (s, 3H), 3.65 (s, 1H), 2.6 
(dd, J = 14.4, 7.6 Hz, 1H), 2.55 (dd, J = 14.4, 6.8 Hz, 1H), 2.07-1.98 (m, 4H), 1.68 (s, 
3H), 1.34 (s, 3H), 1.59 (s, 3H), 1.25 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 175.1, 159.0, 139.6, 133, 132.6, 131.5, 126.8, 124.0, 
117.7, 114.2, 113.4, 77.9, 62.1, 55.2, 398, 38.5, 26.5, 25.6, 17.7, 16.4, 14.0. 
HRMS (CI) Calcd. For C21H31O4 [M-H]+: 347, Found: 347. 
FTIR (neat):3506, 2963, 2914, 2847, 1949, 1726, 1606, 1504, 1437, 1250, 1173, 1099, 














General Procedure: The  reaction was heated for 72 hours, concentrated in vacuo and 
purified by flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title 
compound (76.8 mg, 71%, >20:1 E:Z) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.11 (s, 1H), 7.09(d, J = 2.0 Hz, 1H), 6.77 (d, J = 8.0 Hz, 
1H), 5.94 (s, 2H), 5.17-5.13 (m, 1H), 5.06-5.02 (m, 1H), 4.25-4.15 (m, 2H), 3.66 (s, 1H), 
2.92 (dd, J = 14.4, 7.6 Hz, 1H), 2.62 (dd, J = 14.4, 6.8 Hz, 1H), 2.07-1.98 (m, 3H), 1.68 
(s, 3H), 1.63 (s, 3H), 1.59 (s, 3H), 1.26 (t, J = 8.0 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.8, 147.5, 147.0, 139.6, 135.8, 131.5, 124.0, 119.0, 
117.6, 107.8, 106.5, 101.0, 78.0, 62.2, 39.8, 38.6, 26.5, 25.6, 17.6, 16.4, 14.0. 
HRMS (CI) Calcd. For C21H29O5 [M-H]+: 361, Found: 361. 











Experimental Procedures, Spectroscopic and Structural Confirmation Data for α-
Hydroxy Esters 4.10 
(Z)-Ethyl 2-hydroxy-2-phenylhex-4-enoate (4.10) 
 
To a pressure tube equipped with magnetic stir bar was added Ru3(CO)12 (3.8 mg, 0.006 
mmol, 2 mol%) and PCy3 (10.1 mg, 0.036 mmol, 12 mol%). The tube was then sealed 
with a rubber septum, purged with argon. At this stage, α-hydroxy esters 4.4a (48.5 μL, 
0.300 mmol, 100 mol%), and PhMe (1.5 mL, 0.20 M concentration with respect to α-
hydroxy ester 4.4a), and butadiene (152.1 μL, 1.500 mmol, 500 mol%) were added. The 
rubber septum was quickly replaced with a screw cap. The reaction was heated to 130 °C 
for the indicated time. The reaction mixture was concentrated in vacuo and purified by 
flash column chromatography (SiO2, 2.5% EtOAc/hexanes) to furnish the title compound 
(52.7 mg, 75%, 1:13 E:Z) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3): δ 7.65-7.62 (m, 2H), 7.38-7.34 (m, 2H), 7.32-7.27 (m, 1H), 
5.69-5.60 (m, 1H), 5.47-5.39 (m, 1H), 4.27-4.18 (m, 2H), 3.03 (dd, J = 14.8, 8.4 Hz, 1H), 




13C NMR (100 MHz, CDCl3): δ 174.8, 11.6, 127.2, 128.0, 127.7, 125.5, 1237, 78.1, 62.4, 
37.3, 14.0, 13.1. 
HRMS (CI) Calcd. For C14H19O3 [M-H]+: 235, Found: 235. 




(Note: NOE experiments were performed on 4.10, where the allylic protons were radiated 













Deuterium Labeling Experimental and Structural Conformation Data6 
 
Deuterio-4.4a was subjected to deuterium labeling experiment employing isoprene 4.5 
under the indicated condition, to afford Ethyl 2-hydroxy-5-methyl-2-phenylhex-4-enoate. 
The extent of deuterium incorporation was determined in the isolated product deuterio-
ethyl-2-hydroxy-5-methyl-2-phenylhex-4-enoate by integration of the corresponding 








                                                          
6





(Note: NOE experiments were performed to identify which methyl group contains 
deuterium. The allylic protons, Hd, were radiated to show a strong nOe with the methyl 
group cis to Hd. The absence of nOe between the allylic protons and the trans-methyl 
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